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INTRODUCTION 
I n  t h i s  r e p o r t  w e  p r e s e n t  the s p e c i f i c a t i o n  o f  t h e  mooring f o r  t h e  
l o n g  s p i n e  model, and a d e t a i l e d  a n a l y s i s  o f  i t s  s t a t i c  and dynamic 
c h a r a c t e r i s t i c s .  W e  d e s c r i b e  t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  t h e  
behav iour  o f  t h e  mooring a l o n e ,  and coupled t o  t h e  s p i n e ,  i n  a v a r i e t y  
o f  m u l t i d i r e c t i o n a l  seas r e p r e s e n t a t i v e  o f  t h e  f u l l  r a n g e  o f  North 
A t l a n t i c  c o n d i t i o n s .  
I n  p r e l i m i n a r y  exper iments  some seas caused  t h e  s p i n e  t o  sway a x i a l l y .  
Adoption o f  a new m o r i n g  p l a n  s o l v e d  t h e  problem c o m p l e t e l y .  
Measurements were  c o l l e c t e d  from anchor  gauges  and a p o s i t i o n  gauge which 
gave  good r e s o l u t i o n ,  and were r o b u s t  and e a s y  t o  use .  
The exper iments  e x p l o r e d  t h e  e f f e c t s  o f  wave l o a d i n g  on  t h e  s p i n e  and 
mooring i n  terms o f  i n s t a n t a n e o u s  f o r c e s  and d i s p l a c e m e n t s .  These 
measurements were combined w i t h  s t a t i s t i c a l  d a t a  t o  deduce t h e  f a t i g u e  
l o a d i n g  on t h e  mooring. 
The f a t i g u e  o f  t h e  e l e c t r i c a l  down-feeder c a b l e s  r e q u i r e d  a t  f u l l  scale 
i s  t h e  l i m i t i n g  f a c t o r  i n  t h e  m o r i n g  d e s i g n .  We p r e s e n t  a d e s i g n  f o r  a 
j o i n t  f o r  t h e  c a b l e  which r e d u c e s  f a t i g u e  t o  a r b i t r a r i l y  low v a l u e s .  
A l l  l c a d s ,  s t a t i c  and q c l i c ,  were  found t o  be w i t h i n  the c a p a b i l i t i e s  
of t h e  mooring i n  i t s  p r e s e n t  form. Theory and exper iment  a g r e e d  w e l l ,  
and p o i n t e d  t h e  way t o  d e s i g n  improvements which would r e d u c e  the l o a d s  
on t h e  mooring s t i l l  f u r t h e r .  
M A I N  CONCLUSIONS 
Although most d a t a  i n  t h i s  r e p o r t  are p r e s e n t e d  a t  t a n k  scale f o r  a 125 mm 
d i a m e t e r  s p i n e ,  i n  t h i s  s e c t i o n  we have r e f e r r e d  numer ica l  v a l u e s  t o  t h e  
1983 f u l l  scale d e s i g n  f o r  t h e  13 .5  metre ducks  - ie ,  a scale o f  107.7.  
1)  A mooring s t i f f n e s s  d e n s i t y  o f  37 Newtons per metre f o r  e a c h  metre o f  
s p i n e  l e n g t h  i s  s u f f i c i e n t  t o  keep  t h e  s p i n e  on s t a t i o n .  
2 )  The 86 m e t r e  s u r g e  range  o f  t h e  c u r r e n t  mooring w i l l  n o t  be r e q u i r e d .  
The weighted R a n  s p i n e  d r i f t  i n  t h e  Sou th  U i s t  wave c l i m a t e  i s  3.6 
m e t r e s  a f t  - a b o u t  a q u a r t e r  o f  a s p i n e  d i a m e t e r .  I n  t h e  extreme 50 
y e a r  wave t h e  peak a f t  e x c u r s i o n  is  15 m e t r e s .  
3 )  The South  U i s t  wave climate produces  mooring l i n e  t e n s i o n  v a r i a t i o n s  
o f  100 Newtons per wtre of  wave h e i g h t  f o r  e a c h  wtre o f  s p i n e  l e n g t h .  
The annua l  weighted t e n s i o n  v a r i a t i o n  is  less t h a n  3% o f  t h e  
s t a t i c  t e n s i o n .  The 50 y e a r  wave p roduces  a peak-to-peak t e n s i o n  
v a r i a t i o n  o f  2100 Newtons f o r  e a c h  m e t r e  o f  s p i n e  l e n g t h .  
4) The South  U i s t  wave climate produces  a n g l e  v a r i a t i o n s  i n  t h e  mooring 
j o i n t s  o f  0.025 r a d i a n  per m e t r e  o f  wave h e i g h t .  Averaged o v e r  a y e a r ,  
t h e  a n g u l a r  v a r i a t i o n  i s  0.018 r a d i a n  - about  one  d e g r e e .  The 50 y e a r  
wave p roduces  a peak-to-peak a n g l e  v a r i a t i o n  o f  0 . 5  r a d i a n .  
,X 
5 )  The f a t i g u i n g  a n g l e s  imposed on t h e  e l e c t r i c a l  down-feeder c a b l e s  a r e  
a n  o r d e r  o f  magni tude smaller t h a n  t h e  f a i l u r e  bounds de te rmined  i n  
i n d u s t r i a l  tests. The a n g l e s  may b e  reduced by a f u r t h e r  o r d e r  o f  
magni tude w i t h  t h e  u s e  of a m u l t i - t u r n  c a b l e  j o i n t .  
The South U i s t  wave c l i m a t e  produces  o n l y  a f t  d r i f t  o f  t h e  s p i n e  a t  
t h e  a n t i c i p a t e d  s p i n e  s t i f f n e s s .  The a p p r o p r i a t e  p l a c e  f o r  down-feeder 
c a b l e s  is  t h e r e f o r e  on  t h e  upwave mooring t o  a v o i d  bot toming problems. 
A more f l e x i b l e  s p i n e  a l l o w s  g r e a t e r  u n c o r r e l a t e d  s p i n e  mot ion,  and 
s o  r e s u l t s  i n  g r e a t e r  mooring l o a d s .  
I n  a t y p i c a l  s e a - s t a t e ,  t h e  s p i n e  m t i o n  c o n t r i b u t e s  a b o u t  h a l f  t h e  
l o a d i n g  on t h e  moorings.  The rest i s  d u e  t o  t h e  a c t i o n  o f  waves on  
t h e  f l o a t ,  s i n k e r ,  and t h e  r o d e s  themse lves .  
Ar rang ing  t h e  f l o a t  so t h a t  it i s  a n  odd number o f  h a l f - m v e l e n q t h s  
from t h e  s p i n e  m u l d  r e d u c e  t h e  a n g u l a r  r e s p o n s e  o f  t h e  mooring. 
The a p p r o p r i a t e  wavelength  i s  t h a t  o f  t h e  predominant mixed-sea 
wave pricd f o r  t h e  y e a r .  
D i f f e r e n t  sea s t a t e s  can  c a u s e  c o n s p i c u o u s l y  d i f f e r e n t  t y p e s  o f  l o a d i n g  
on t h e  mooring : 
s e a s  w i t h  small a n g u l a r  s p r e a d i n g  c a u s e  l a r g e  o s c i l l a t i o n s ;  
s e a s  w i t h  l a r g e  a n g u l a r  s p r e a d i n g  c a u s e  l a r g e  d r i f t ;  
s e a s  w i t h  o f f s e t  p r i n c i p a l  d i r e c t i o n  c a u s e  low-frequency s u r g e  motion.  
J o i n i n g  a d j a c e n t  m o r i n g  p a i r s  t o  a s i n g l e  anchor  p o i n t  r e n d e r s  s p i n e  
sway n e g l i g i b l e ,  and p r o v i d e s  a wor thwhi le  c o s t  r e d u c t i o n .  
The same s p i n e  is used i n  t h i s  series o f  tests a s  i n  p r e v i o u s  work, namely 
t h e  125 mm d i a ~ t e r  a r t i c u l a t e d  model w i t h  e l e c t r o n i c a l l y  c o n t r o l l e d  
e l a s t i c i t y .  40 s e c t i o n s  are u s e d ,  g i v i n g  a n  o v e r a l l  l e n g t h  o f  1 6  metres. 
The rmor ing  compr i ses  s i n k e r s  and f l o a t s  on l i n e s  mounted f o r e  and  a f t  
- 
of  t h e  s p i n e .  It is shown i n  p e r s p x t i v e  i n  f i g u r e  1.1, which is reproduced 
from t h e  1984 l o n g  s p i n e  r e p o r t .  It was d e s i g n e d  t o  accorrrmodate l a r g e  s u r g e  
d i s p l a c e m e n t s  i n  t h e  f o r e  and a f t  d i r e c t i o n s ;  t h e  d imens ions  were  t h e r e f o r e  
made a s  g r e a t  as the t a n k  l e n g t h  a l lowed .  D e t a i l e d  s p e c i f i c a t i o n s  a r e  g i v e n  
i n  Appendix C. 
The mooring l i n e s  were  o r i g i n a l l y  tried w i t h  s i n k e r s  and f l o a t s  t h r e e  t i m e s  
l a r g e r  spaced  f o u r  t i m e s  more f r e q u e n t l y ,  g i v i n g  1 2  tirws t h e  s t i f f n e s s .  
The p r e s e n t  ar rangement  is  more economic,  easier t o  hand le ,  and e a s i l y  
accommodates s p i n e  d r i f t .  

' I  
The m r i n g  arrangement of  f i g u r e  1.1 has  t h e  drawback o f  a l l owing  c o n s i d e r a b l e  
a x i a l  sway - t h e  r e s t o r i n g  f o r c e  is small and second-order.  Furthermore, t h e  
c y l i n d e r  moves through t h e  water a l o n g  its long  a x i s ,  so damping i s  low and 
t h e  sway o s c i l l a t i o n s  p e r s i s t .  W e  r ea r r anged  t h e  moorings i n  mirror-image 
p a i r s  of  chevrons,  shown i n  p l an  i n  f i g u r e  1 .2 .  Th i s  g r e a t l y  i nc reased  t h e  
r e s t o r i n g  f o r c e  i n  sway, and o s c i l l a t i o n s  were no longer  a problem. 
- 
A t  f u l l  s c a l e ,  a t t a c h i n g  t h e  mooring l i n e s  i n  p a i r s  t o  h a l f  t h e  number of 
double-s trength p i l e  heads i s  s i g n i f i c a n t l y  cheaper  t han  t h e  o r i g i n a l  scheme 
of  one  p i l e  p e r  l i n e .  
Exac t ly  halfway down t h e  l eng th  of  t h e  s p i n e  w e  r e t a i n e d  a mooring wi th  l i n e s  
a t  r i g h t  a n g l e s  t o  t h e  s p i n e  a x i s .  T h i s  was o u r  masurement  p o i n t .  Anchor 
gauges were placed  on bo th  f o r e  and a f t  mooring l i n e s .  .The upper ends  o f  
t h e  l i n e s  were a t t a c h e d  t o  a s p i n e  j o i n e r  r i n g ,  t o  which were a l s o  a t t a c h e d  
t h e  f o r e  and a f t  l i n e s  of t h e  p o s i t i o n  gauge. Th i s  arrangement allowed t h e  
d e r i v a t i o n  of  s p i n e  p o s i t i o n ,  and a l l  t h e  m o r i n g  ang le s .  The g e o m t r y  i s  
shown i n  f i g u r e  5.13 i n  Appendix C. 

Each m r i n g  l i n e  a t t a c h e s  v i a  a n  e y e l e t  b o l t  t o  t h e  r i n g  t h a t  j o i n s  a d j a c e n t  
s p i n e  u n i t s .  Its bottom end  may either a t t a c h  t o  a c o n c r e t e  a n c h o r  b l o c k ,  
as  shown i n  f i g u r e  1.1, or t o  a n  a n c h o r  gauge  d e s i g n e d  t o  measure  b o t h  t h e  
v e r t i c a l  and h o r i z o n t a l  f o r c e s  i n  t h e  m o r i n g  l i n e .  P r o v i d i n g  t h a t  t h e  l i n e  
remains  i n  t e n s i o n ,  t h e  a n g l e  t h a t  t h e  l i n e  makes w i t h  t h e  h o r i z o n t a l  is  
t h e  a r c t a n  of  t h e  q u o t i e n t  o f  t h e  v e r t i c a l  force and  h o r i z o n t a l  f o r c e .  The 
t e n s i o n  i n  t h e  l i n e  is  t h e  modulus ( t h e  square root o f  t h e  sum o f  t h e  s q u a r e s )  
o f  t h e  v e r t i c a l  and  h o r i z o n t a l  f o r c e s .  These  a n c h o r  gauges  a r e  d e s c r i b e d  
f u l l y  i n  Appendix A. 
Although we can i n f e r  t h e  p o s i t i o n  o f  t h e  s p i n e  u n i t s  r e l a t i v e  t o  e a c h  o t h e r  
by i n t e g r a t i n g  t h e  v e l o c i t y  s i g n a l  f rom e a c h  j o i n t ,  we needed a n  a b s o l u t e  
p o s i t i o n  measurement. The c o m r c i a l  'Selspt' equipment  p r o v i d e s  h i g h  
a c c u r a c y ,  b u t  a t  a p r i c e .  We d e c i d e d  on t h e  e l e c t r o - m e c h a n i c a l  p o s i t i o n  
gauge d e s c r i b e d  i n  Appendix E. It o f f e r s  0 .25  mm r e s o l u t i o n ,  r o b u s t n e s s  
and ease of  u s e ,  and  c a n  o p e r a t e  u n d e r  w a t e r .  
I n  A p p n d i x  C we d e s c r i b e  t h e  mooring i n  d e t a i l ,  and how t h e  p o s i t i o n  
and a n c h o r  gauges  a r e  used  t o  d e t e r m i n e  i t s  g e o m t r y  e x p e r i m e n t a l l y .  Its 
t h e o r e t i c a l  s t a t i c  a n g l e s  and  t e n s i o n s  a r e  d e r i v e d  and  a r e  compared w i t h  a 
s t a t i c s  e x p e r i ~ n t .  
I n  Appendix D we d i s c u s s  t h e  mooring dynamics and e x p e r i m e n t a l l y  d e t e r m i n e  
t h e  f requency  r e s p o n s e .  
SECTION 2 
' .  
FREAK WAVE E!XPERIMENTS 
For  t h i s  work we c h o s e  a o n e  second Pierson-Moskowitz sea w i t h  a Mitsuyasu 
a n g u l a r  s p r e a d i n g  f u n c t i o n .  W e  i n c r e a s e d  its root-mean-square wave h e i g h t  
( H r m s )  from 13.6  mm t o  17.5 mm, and a r r a n g e d  t h e  maximum f r e a k  wave p o s s i b l e  
( c o r r e s p o n d i n g  t o  phase  c o i n c i d e n c e  o f  a l l  t h e  f r e q u e n c y  c m p n e n t s )  t o  r e a c h  
t h e  c e n t r e  o f  t h e  s p i n e  10 s e c o n d s  a f t e r  t h e  s t a r t  o f  sampl ing.  The f r e a k  
wave measured 227 m peak t o  t r o u g h .  A t  a scale o f  107.7 ,  t h i s  c o r r e s p o n d s  t o  
, a 24.5 m wave - s l i g h t l y  l a r g e r  t h a n  can be expected i n  t h e  Hebridean wave 
c l i m a t e  a t  a w a t e r  d e p t h  o f  100 m i n  a 50 y e a r  p e r i o d .  
The sampl ing  r a t e  was 20 Hz ,  t h e  sampl ing time was 25.6 seconds  ( c o r r e s p n d i n g  
t o  266 s e c o n d s  a t  f u l l  scale). The g r a p h s  are d e r i v e d  from d a t a  recorded  
from t h e  anchor  gauges  and t h e  p o s i t i o n  gauge.  , 
F i g u r e s  2.1 and 2.2 show t i m e  series f o r  t h e  v e r t i c a l  and h o r i z o n t a l  motion 
o f  t h e  s p i n e  w i t h  a s t i f f n e s s  o f  800 Nm2. 
Note t h a t  t h e  s u r g e  t i m e  series is l a r g e r  and  shows s u b s t a n t i a l  law-frequency 
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Figure 2.1 Freak wave. ~ e a v e  motion E1 = 800 Nm 
2 
Figure 2.2 Freak wave. Surge nxjtion E1 = 800 m 
2 
Figures  2.3 and 2.4 show t h e  e f f e c t s  o f  t h e  same f r e a k  wave on a s p i n e  
reduced i n  s t i f f n e s s  t o  80 Mn2. Note t h a t  both t h e  heave and s u r g e  time 
series show an i n c r e a s e  i n  s p i n e  motion. A t  t h e  lower s t i f f n e s s ,  crest- 
averaging  dec reases ,  and l o c a l  s p i n e  m t i o n  is more pronounced. I n  su rge ,  
a f t e r  t h e  passage of t h e  f r e a k  wave, t h e  s p i n e  r e t u r n s  v e r y  n e a r l y  t o  its 
rest p o s i t i o n .  
F i g u r e  2 - 3  Freak wave. Heave motion E1 = 80 Nm 
2 
Figure  2 . 4  Freak mve. Surge mtion  E1 = 80 Am 2 
Figure  2.5 shows t h e  heave s i g n a l  p l o t t e d  a g a i n s t  surqe .  The X and Y a x e s  
a r e  e q u a l l y  s ca l ed :  t h e  graph t h e r e f o r e  p r e s e n t s  an  u n d i s t o r t e d  view o f  
t h e  motion of t h e  s p i n e  i n  t h e  c r o s s - s e c t i o n a l  plane.  The a r r m s  i n d i c a t e  
t h e  d i r e c t i o n  of motion. The s p i n e  motion due  t o  t h e  f r e a k  wave is c e n t r e d  
on a p o i n t  70 mm a f t  of t h e  calm-water p o s i t i o n ,  and has a e l l i p t i c a l  m j o r  
r a d i u s  of about  60 mm. 
Sur face  water p a r t i c l e s  move i n  c i r c u l a r  o r b i t s ,  and a f l a t i n q  o b j e c t  which 
is smal l  compared wi th  t h e  wavelength should do  t h e  s a m .  I n  heave, t h e  
change i n  buoyancy wi th  f r eeboa rd  produces a r e s t o r i n g  f o r c e  which keeps 
t h e  s p i n e  c l o s e l y  coupled wi th  t h e  wa te r  s u r f a c e .  Th i s  f r eeboa rd  e f f e c t  
c o n t r i b u t e s  a n e g l i g i b l e  5 Nn.2 t o  s p i n e  s t i f f n e s s ,  b u t  produces a r e s t o r i n g  
f o r c e  t o  canmn-mode heave d isp lacement  of  t h e  s p i n e  of  about  6000 N/m. 
The 10 N/m s p r i n g  provided by a l l  t h e  moorings i s  comparat ively t i n y ,  y e t  
i n  su rqe  it is t h e  o n l y  r e s t o r i n g  f o r c e  t o  c m n - m o d e  displacement .  
The motional response  t o  wave f o r c e s  o f  t h e  s p r i n g  and mass system of  t h e  
s p i n e  and its m o r i n g s  has  a high-pass  f i l t e r  c h a r a c t e r i s t i c .  I n  surge ,  
due t o  t h e  absence of  f reeboard  e f f e c t s ,  t h e  cu t -of f  p o i n t  w i l l  be f a r  
lower,  and consequent ly ,  any low frequency response  of t h e  s p i n e  w i l l  be 
f a r  more apparent .  
Figure 2 .5  
mm 
Freak wave. X-Y motion 
The n e x t  e i g h t  g r a p h s  r e p r e s e n t  t h e  b a s e  a n g l e  o f  t h e  mooring l i n e s  d u r i n g  
passage  o f  t h e  f r e a k  wave. A l l  t h e  g r a p h s  have  t h e  same h o r i z o n t a l  and 
v e r t i c a l  scales. 
F i g u r e s  2.6,  2.7, 2.8 and 2.9 show t h e  f o r e  and a f t  a n g l e  time series f o r  t h e  
two s p i n e  s t i f f n e s s e s .  The a n g l e s  are c a l c u l a t e d  from t h e  v e r t i c a l  and 
h o r i z o n t a l  f o r c e s  a t  t h e  anchor .  The a n g u l a r  amp l i t udes  are g r e a t e r  f o r  t h e  
low s t i f f n e s s  c a s e ,  a r e a s o n a b l e  r e s u l t  g i v e n  the g r e a t e r  s p i n e  m t i o n ;  b u t  
what is  most n o t i c e a b l e  is t h a t  t h e  a f t  a n g u l a r  amp l i t ude  is  s e v e r a l  t i m e s  

















Figure 2 .6  FYeak have. ~ & e  base angle E1 = 800 Nro 
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Figure 2.8 Freak wave. . Fore base angle E1 = 8 0 Nrn 2 
Figure 2 . 9  Freak wave. Aft base angle E1 = 80 Nm2 
It is h e l p f u l  t o  c o n s t r u c t  t ime  series of t h e  expected a n g l e  o f  t h e  f o r e  
and a f t  gauges, g iven  the a lgo r i thm f o r  t h e i r  geometry and t h e  recorded  
in s t an t aneous  p o s i t i o n  of  t h e  sp ine .  For t h e  low s t i f f n e s s  case t h i s  
y i e l d s  t h e  t ime series shown i n  f i g u r e s  2.10 and 2,,11. The t r a c e s  are similar 
i n  appearance,  though of cou r se  r eve r sed  i n  phase. The a f t  trace i s  
s l i g h t l y  l a r g e r ,  p a r t l y  because t h e  a f t  l i n e  is longer ,  and p a r t l y  because 
t h e  angu la r  response  t o  l i n e a r  m t i o n  i s  g r e a t e r  a s  t h e  l i n e  compresses. 
Comparing t h e s e  c a l c u l a t e d t r a c e s  w i th  f i g u r e s  2.8 and 2.9 one can  see 
t h a t  t hey  are snaller than  t h o s e  a c t u a l l y  measured, s u b s t a n t i a l l y  so f o r  t h e  
a f t  gauge. It is a l s o  clear t h a t  t h e  appearance of  t h e  f r e a k  wave p a r t  of 
t h e  t r a c e  occurs  s a n e r  on t h e  measured f o r e  t r a c e ,  and l a t e r  on t h e  a f t  
trace than  p r e d i c t e d  by t h e  s p i n e  motion. It m u l d  seem t h a t  t h e  f l o a t s  
a r e  being a c t e d  on by the f r e a k  wave i t s e l f  i n  a d d i t i o n  t o  t h e  f o r c e s  t hey  
r e c e i v e  due t o  t h e  motion of t h e  sp ine .  I t  is  i n t e r e s t i n g  t h a t  t h e  m a n  
va lues  of  t h e  f o r e  and a f t  p r e d i c t e d  ang le s  are ba th  & ? l e r  t han  the mean 
v a l u e s  of e i t h z r  f o r e  o r  a f t  measured ang le s .  Th i s  ' r i s i n g  f l o a t '  e f f e c t  
is encountered a g a i n  i n  t h e  e x p e r i m n t s  wi th  t h e  South U i s t  46 s pc t r a .  
Figure 2 .10 Freak mve. Predicted f o r e  base angle E1 = 80 
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Figure 2.11 Freak wave. Predicted a f t  base angle  E1 = 80 Mn 
2 
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To i n v e s t i g a t e  wave a c t i o n  on t h e  f l o a t s ,  we removed t h e  s p i n e  and connected 
its m o r i n g  l i n e s  t o  a f i x e d  p o i n t  a t  the normal s p i n e  p o s i t i o n .  The f r e a k  
wave was run  aga in ,  and t h e  f o r e  and a f t  a n g l e  tine series a r e  shown i n  
f i g u r e s  2.12 and 2.13. They are of very  s i m i l a r  s i z e ' a n d  appearance, bu t  
d i sp l aced  from each  o t h e r  i n  t i m e  due  t o  t h e i r  4 meter s e p a r a t i o n  i n  space.  
very  i n t e r e s t i n g  t h a t  t h e  angu la r  m t i s n  c a s e  a c t u a l  l y 
l a r g e r  t han  t h a t  p r e d i c t e d  due  t o  s p i n e  motion (shown i n  f i g u r e s  2.10 and 
2 .11) .  Note a l s o  t h a t  t h e  f i r s t  peak due t o  t h e  f r e a k  wav.e i n  t h e  f o r e  t ime 
series occur s  a t  t h e  same t i m e  ( 7 , s e c o n d s )  a s  t h e  f i r s t  peak i n  f i y r e  2.8, 
where t h e  m o r i n g  was connected t o  t h e  sp ine .  The two peaks are of very  
s i m i l a r  s i z e  and shape, and s i n c e  t h e  p r e d i c t e d  t r a c e  of f i g u r e  2.10 shows 
no c o n t r i b u t i o n  a t  t h i s  t i m e  from s p i n e  m t i o n ,  w e  i n f e r  t h a t  t h e  m t i o n  
is  due  s imply t o  wave-ac t ion  on t h e  f l o a t s .  
















F igure  2 . 1 2  k e a k  wave. Fore base angle: f ixed mooring 
Figure 2.13 Freak wave. Aft base angle: f ixed mooring 
- 2 1 -  - 
I n  f i g u r e s  2.14 and 2-16 t h e  heave motion of  t h e  f o r e  and a f t  f l o a t s  is  
p l o t t e d  and may be ccmpared t o  t h e  e l e v a t i o n  of the water s u r f a c e  p l o t t e d  ' in  
I 
f i g u r e  2.15. The f l o a t s  move abou t  a t h i r d  a s  much as t h e  water  a t  t h e  
s u r f a c e .  Vhve r k t i o n  i n  water d e c r e a s e s  e x p o n e n t i a l l y  w i t h  depth  a t  a r a t e  
which i n c r e a s e s  wi th  frequency;  i f  t h e  sum o f  t h e  components (each  reduced 
a p p r o p r i a t e l y )  is c a l c u l a t e d ,  water m t i o n  a t  t l e  depth  o f  t h e  f l o a t  is  about  
one seventh t h a t  a t  t h e  s u r f a c e .  The f l o a t s  a r e  t h e r e f o r e  moving abou t  twice 
a s  much a s  t h e  wa te r  around than .  
Figure  2 . 1 4  Freak wave. Fore f l o a t  heave motion 
Figure 2 .15  Freak wave. Water surface  elevat ion 
Figure 2.16 Freak wave. Aft f l o a t  heave motion 
- 23 - 
Tens ion  time series f o r  t h e  base s e c t i o n  o f  t h e  mooring l i n e s  are shown 
on  t h e  f o l l o w i n g  pages. A l l  t h e  g r a p h s  have t h e  same h o r i z o n t a l  and 
v e r t i c a l  scales. 4 
F i g u r e s  2.17 and 2.18 show t h e  t e n s i o n  when t h e  s p i n e  h a s  a s t i f f n e s s  o f  
800 Nm2. The v a r i a t i o n  is  greater i n  f o r e  t h a n  i n  a f t  - t h e  o p p o s i t e  o f  
t h e  case w i t h  t h e  a n g l e  t i m e  series shown i n  f i g u r e s  2.6 and  2 .7 .  T h i s  
is a r e s u l t  o f  t h e  i n c r e a s e  i n  t e n s i o n  and  d e c r e a s e  i n  a n g l e  o f  t h e  m o r i n g  
when e x t e n d e d ,  a s  e x p l a i n e d  i n  Appendix C: t h e  f o r e  mooring is a t  g r e a t e r  
s t r e t c h  t h a n  t h e  a f t ,  and so i t s  t e n s i o n  v a r i a t i o n s  are h i g h e r  and  i ts  a n g l e  
v a r i a t i o n s  lower .  
F i g u r e s  2.19 and 2.20 show t h e  e q u i v a l e n t  series f o r  t h e  s p i n e  a t  a s t i f f n e s s  
o f  80 Mn2. The s p i n e  m t i o n  is g r e a t e r  t h a n  a t  t h e  h i g h e r  s t i f f n e s s ,  and 
c o n s e q u e n t l y  t h e  t e n s i o n  v a r i a t i o n s  are h i g h e r  too. It is  v e r y  n o t i c e a b l e  
t h a t  t h e  d i f f e r e n c e  k t w e e n  t h e  f o r e  and a f t  traces is  o n l y  o f  t h e  o r d e r  o f  
2 5 % . -  f a r  less t h a n  t h e  d i f f e r e n c e  between t h e  f o r e  and a f t  a n g l e  t i m e  series. 
F i g u r e s  2.21 and 2.22 show t h e  t e n s i o n  v a r i a t i o n  f o r  t h e  f i x s d  w r i n g .  They 
are a b o u t  h a l f  t h e  a m p l i t u d e  o f  t h o s e  i n  2 - 1 9  and 2.20,  f u r t h e r  c o r r o b o r a t i o n  
o f  t h e  impor tance  o f  d i r e c t  wave l o a d i n g  on t h e  mooring i n  c o n t r i b u t i n g  t o  
mooring l o a d s .  

F i g u r e  2 . 1 9  Freak have. Fore  base t e n s i o n  E1 = 80 Nm 
2 
Figure 2.20 Freak wave. A f t  base tension E1 = 80 Nm 
2 
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F i g u r e  2 .21  F reak  wave. Fore base t e n s i o n :  f i x e d  mooring 
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F i g u r e  2 .22  k e a k  wave. A f t  b a s e  t e n s i o n :  f i x e d  mooring 
S m I C F j  3 TESTING I N  THE SOUTH UIST SPECTRA 
Having g o t  a f e e l  f o r  how t h e  moorings  behave i n  t h e  ex t reme  c o n d i t i o n s  o f  
a f r e a k  wave, we t u r n e d  t o  more modera te  s e a  states. W e  used  our s t a n d a r d  
set o f  'South U i s t  46 s p e c t r a  '. 
T a b l e  3 .1  ahows t h e i r  IOS number, Hrms, and  weighted c o n t r i b u t i o n  t o  a n n u a l  
statistics. Note t h a t  t h e  w e i g h t i n g s  d o  n o t  add t o  100%. The sea states 
e x c l u d e d  are m o s t l y  t h o s e  of low pawer.  F u l l  d e t a i l s  o f  t h e  s e l e c t i o n  o f  
t h e  46 s p e c t r a  a r e  g i v e n  i n  a n  a p p e n d i x  i n  t h e  1984 Long S p i n e  Repor t .  
F i g u r e  3 .1  shows a ' p x  p l o t '  o f  t h e  46 s p e c t r a ;  f i g u r e  3.2 is  t h e  e q u i v a l e n t  
3-d r e p r e s e n t a t i o n .  Both f i g u r e s  are reproduced  from t h e  1984 report. 
TABLE 3 . 1  CHARACTERISTICS OF THE SOUTH UIST 46 S P W R A  
T h i s  is  a set of  sea states chosen by t h e  C o n s u l t a n t s  t o  be r e p r e s e n t a t i v e  
t h e  set of  399 s p e c t r a  s p e c i f i e d  by t h e  I n s t i t u t e  o f  Oceanographic  S c i e n c e .  
For  e a c h  s p 3 x u r n  w e  g i v e  t h e  IOS number; t h e  Hrms o f  the rrcdel s e a  i n  mm, 
a t  107.7  scale; and t h e  e q u i v a l e n t  p e r c e n t a g e  w e i g h t i n g  o v e r  o n e  y e a r .  
(the1 
IOS data adjusted for lOOm water depth 





SEA SET:  SU b' 
The ' 4 6  s p e c t r a 1 ,  b a s e d  o n  b u o y  d a t a  o f f  t h e  c o a s t  o f  S o u t h  U i s t ,  u i t h  d i r e c t i o n s  s y n t h e s i s e d  
1.0 lsecordsl f -1 f rom w i n d  r e c o r d s .  The 4 6  a r e  s e l e c t e d  t o  be  r e p r e s e n t a t i v e  o f  a l l  s e a s o n s ,  b u t  t h e i r  u e i g h t i n g s  a r e  n o t  e q u a l .  F o r  t h e  ' a '  s e t ,  t h e  n o r m a l  t o  t h e  u a v e m a k e r  a x i s  r e p r e s e n t s  a compass b e a r i n g  
o f  260 d e g r e e s  u i t h  t h e  m o d e l  p a r a l l e l  t o  t h e  u a v e m a k e r s .  13 o f  t h e  46 s p e c t r a  a r e  p o o r l y  
ttms . r e p r e s e n t e d  b y  t h e  ' a t  v e r s i o n ,  a n d  t h e  t b l  o r  ' c l  v e r s i o n  i s  a c l o s e r  m a t c h .  

For t h e  tests i n  t h i s  Sec t ion  w e  chose t h e  low s p i n e  s t i f f n e s s  o f  80 Nm2, 
because it p u t s  g r e a t e r  d e m n d s  on t h e  moorings. 
Both t h e  anchor and p o s i t i o n  gauges were recorded ,  a t  a sampling frequency 
of 20 Hz, f o r  51.2 seconds. 
F igu res  3.3 and 3.4 show t h e  heave and s u r g e  p o s i t i o n  t i m e  series f o r  t h e  46 
tests. Though t h e  graphs  cover  d i f f e r e n t  ranges ,  t hey  have k e n  drawn t o  the 
same s c a l e ,  so t h a t  they  may be d i r e c t l y  c m p x e d .  The s c a l e  was chosen to  
accomcdate t h e  l a r g e s t  excu r s ion  i n  t h e  set o f  experiments;  s o  i n e v i t a b l y  i n  
sane  s e a s ,  and p a r t i c u l a r l y  i n  heave, t h e  excu r s ions  a r e  very  small. 
I n  g e n e r a l ,  t h e  46 s p e c t r a  show an i n c r e a s e  i n  H r m s  wi th  IOS number, and t h e  
t ime series f o r  t h e  r e s u l t i n g  heave and su rge  s p i n e  motion show a similar 
i n c r e a s e .  There a r e  a l s o ,  p a r t i c u l a r l y  i n  su rge ,  a n u m k r  of o t h z r  i n t e r e s t i n g  
f e a t u r e s  which a r e  u n r e l a t f d  t o  Hrms. These become more appa ren t  i n  t h e  


















I n  f igures  3.5 and 3.6 t h e  motion t i m e  series have been n o m l i z e d  by dividing 
the Hms of the  respect ive sea-state.  
Examination of t h e  heave time series shows t h a t ,  with a few exceptions, the  
amount of normalized spine motion does not vary much. 
Comparison of these time series with the  sea-s ta te  p lo t s  i n  f igures  3.1 arid 
3.2 show t h z t  t he  cases of above-average norm21ized m t i o n  tend t o  be produced 
by beam seas with small angular spreading. These circumvent the  crest- 
averaging property of the  spine,  generating a large amount of common-mde 
motion of the  spine sections.  

However, when one t u r n s  t o  t h e  normalized p o s i t i o n  t i m e  series f o r  surge ,  
a more complex p i c t u r e  emerges. The traces look very s i m i l a r  t o  t h e  ones 
f o r  heave - bu t  with t h e  a d d i t i o n  of l a r g e  o f f s e t s  and. i n  some cases ,  t h e  
appearance of a l a r g e  low-frequency ccmpnent .  The l a t t e r  is due simply t o  
t h e  mooring resonance ( t h e  mooring compliance coupled with t h e  mass of t h e  
s p i n e )  which has a per iod  of a p p r o x i m t e l y  50 seconds, a t  m d e l  s c a l e .  The 
frequency of t h e  observed resonance agrees  with t h a t  c a l c u l a t e d ,  when due 
allowance i s  made f o r  t h e  hydrodynamic added mass of t h e  sp ine .  
Again, one m u s t  compare t h e s e  time series with t h e  s e a - s t a t e  p l o t s .  The 
c o r r e l a t i o n s  a r e  by no means hard and f a s t ,  bu t  it is i n t e r e s t i n g  t o  no te  
t h a t  mooring resonance seems t o  be a s s o c i a t e d  with s e a s  o f f s e t  from t h e  
p r i n c i p a l  wave d i r e c t i o n ,  and t h a t  l a r g e  s p i n e  d r i f t  s e e m  t o  be as soc ia ted  
with wide angular  spreading.  

I .  
F i g u r e  5 .13 i n  Appendix C shows t h e  a n g l e s  i n c l u d e d  by t h e  n m r i n g  l i n e s .  
Also g i v e n  i s  t h e  a l g e b r a  needed t o  d e r i v e  them f rom t h e  a n c h o r  gauge 
and p o s i t i o n  gauge r e c o r d s .  
Angle A we term t h e  b a s e  a n g l e ,  B t h e  second a n g l e ,  C t h e  t h i r d  a n g l e .  
F i g u r e s  3 .7  t o  3.12 show how e a c h  o f  t h e  3 f o r e  and 3 a f t  a n g l e s  of t h e  
mooring respond i n  t h e  4 6  s p e c t r a .  They have n o t  been normal ized  by 
d i v i s i o n  by Krms . 
Note t h a t  t h e  scale on e a c h  f i g u r e  c o v e r s  t h e  same 0 . 4  r a d i a n  range ,  b u t  
have v a r y i n g  o f f s e t s .  
The g r a p h s  are s i m i l a r  t o  t h e  s u r g e  p o s i t i o n  t i m e  series. They show t h e  
same f e a t u r e s  o f  d r i f t  and  low-frequency r e s p o n s e ,  i n c l u d i n g  t h e  50 second 













F i g u r e  3 .13 and 3.14 show t h e  t e n s i o n s  i n  t h e  f i r s t  s e c t i o n  o f  t h e  mooring l i n e  
f o r  f o r e  and  a f t  ( c a l c u l a t e d  a s  t h e  mcdulus o f  t h e  heave  and s u r g e  f o r c e s  
o b t a i n e d  from t h e  a n c h o r  g a u g e s ) .  F i g u r e s  3 .7  and  3.10 showed t h e  a f t  a n g l e s  
t o  be g r e a t e r  t h a n  f o r e ,  now we see t h a t  t h e  f o r e  t e n s i o n  i s  g r e a t e r  t h a n  
t h e  a f t .  T h i s  c o n f i r m s  t h a t  t h e , f o r e  a n c h o r  is  o p e r a t i n g  a t  g r e a t e r .  s t r e t c h  
t h a n  t h e  a f t .  Otherwise ,  the t r a c e s  a p p e a r  similar,  showing t h e  same basic 
f e a t u r e s  of d r i f t  and  low-frequency c o n t e n t .  


F l g u r e  3 .15 shows t h e  root-mean-square v a r i a t i o n  i n  a f t  b a s e  a n g l e  v e r s u s  
H r m s  f o r  e a c h  o f  t h e  46 s p e c t r a .  F i g u r e  3.16 shows t h e  e q u i v a l e n t  f o r  
t e n s i o n .  Both show a s t e a d y  rise, d e m n s t r a t i n g  t h e  g e n e r a l  relationship 
of  nmoring l o a d i n g  w i t h  s e a  s i z e .  P a r t  o f  t h e  s c a t t e r  w i l l  be d u e  t o  
n o i s e ,  which is  o f  t h e  o r d e r  o f  2 m i l l i r a d i a n s  rms and  2 m i l l i n e w t o n s  rms, 
and p a r t  t o  t h e  p r e v i o u s l y  ment ioned e f f e c t s  on mooring r e s p o n s e  o f  t h e  
p r i n c i p l e  d i r e c t i o n ;  and d i r e c t i o n a l  s p r e a d i n g  o f  t h e  s e a - s t a t e .  
The p a t t e r n  o f  t h e  p o i n t s  is similar i n  t h e  two d i a g r a m ,  d e m o n s t r a t i n g  
t h e  good c o r r e l a t i o n  o f  v a r i a t i o n  i n  a n g l e  w i t h  v a r i a t i o n  i n  t e n s i o n .  
A n o t i c e a b l e  d i f f e r e n c e  between t h e  two g r a p h s  is  t h a t  t h e  l e a s t - s q u a r e s  
f i t t e d  l i n e  g o e s  th rough  t h e  o r i g i n  i n  t h e  case o f  t h e  t e n s i o n ,  b u t  i s  
d i s p l a c e d  i n  the g r a p h  f o r  a n g l e .  T h i s  s u g g e s t s  t h a t  w h i l e  t e n s i o n  i s  
p r o p o r t i o n a l  t o  sea s i z e ,  t h e r e  i s  a f o r c e  ' b reak-ou t '  r e g i o n  f o r  a n g l e  - 









Figure 3.15 46  Spectra. Ihns a f t  base angle against  Hrms 
Figure 3.16 46  Spectra. Rms a f t  base tension against  Hms 
The u s e  o f  t h e  root-mean-square is  a  c o n c i s e  and v a l i d  e x p r e s s i o n  o f  
f l u c t u a t i n g  d a t a .  However, it becomes more meaningful t o  t h e  e n a i n e e r  i f  
t h e  d i s t r i b u t i o n  is known to  b e  Gauss ian ,  i n  which c a s e  t h e  rms approx imates  
c l o s e l y  t o  t h e  s t a n d a r d  d e v i a t i o n ,  and  may be used t o  p r d i c t  ex t reme  d a t a .  
I n  t h e  f o l l o w i n g  t h r e e  g r a p h s  we have drawn t h e  n o m l  c u r v e s  c o r r e s p n d m g  
t o  t h e  mean and s t a n d a r d  d e v i a t i o n  of t h e  d a t a  f o r  t h e  w a t e r  s u r f a c e  e l e v a t i o n  
o f  t h e  46 spectra, and  t o  t h e  f o r e  and a f t  base t e n s i o n s  o f  t h e  moorings.  
The crosses r e p r e s e n t  t h e  p p u l a t i o n  o f  h i s togram cells o f  t h e  measured d a t a .  
I n  e a c h  case t h e  h o r i z o n t a l  scale is i n  u n i t s  measured a t  t a n k  scale a g a i n s t  
a n  a r b i t r a r y  v e r t i c a l  s c a l e  o f  o c c u r r e n c e .  
F i g u r e  3.17 shows t h e  wave e l e v a t i o n .  The h i s togram d a t a ,  compared w i t h  t h e  
normal c u r v e ,  d i s p l a y s  p o s i t i v e  k u r t o s i s ,  ie ,  a r e l a t i v e  o v e r p o p u l a t i o n  o f  
t h e  c e n t r a l  cells and t a i l s  o f  t h e  d i s t r i b u t i o n ,  a t  t h e  expense  o f  t h e  cells 
o f  medium d e v i a t i o n .  P a r t  o f  t h i s  c o u l d  be d u e  t o  n o i s e  - b u t  s i n c e  t h e  
measured n o i s e  o f  t h e  waveyauges c o r r r e s p o n d s  t o  0 . 1  mm and t h e  cell wid th  
is 2 m, t h i s  is  u n l i k e l y .  H o e v e r ,  when one  sums a  number o f  n o m l  
d i s t r i b u t i o n s  o f  d i f f e r i n g  s t a n d a r d  d e v i a t i o n ,  p o s i t i v e  k u r t o s i s  must r e s u l t .  
The 46 spectra are close enough t o  n o r m 1  f o r  t h i s  t o  be the l i k e l y  
e x p l a n a t i o n .  
F i g u r e s  3.18 and 3.19 are t h e  h i s t o g r a m s  o f  t h e  f o r e  and a f t  mooring t e n s i o n s .  
The g r a p h s  are drawn t o  t h e  same scale, and it i s  c l e a r  t h a t  t h e  f o r e  m o r i n q  
h a s  a  g r e a t e r  s t a n d a r d  d e v i a t i o n .  The t e n s i o n  v a r i a t i o n s  are g r e a t e r  i n  f o r e  
s i n c e  it is r u n n i n g  a t  g r e a t e r  s t r e t c h  t h a n  t h e  a f t  mooring. 
These  t e n s i o n  h i s t o g r a m s  a l s o  d i s p l a y  t h e  p o s i t i v e  k u r t o s i s  o f  t h e  wave 
e l e v a t i o n  g r a p h  - as we  would e x p e c t  s i n c e  t h e  moorings a r e  wave-driven. 
However, t h e  o v e r p o p u l a t i o n  o f  t h e  c e n t r a l  cells is n o t  so a c u t e .  The anchor  
gauge n o i s e  is  e q u i v a l e n t  t o  0 . 5  nN i n  t h e  f o r e  c a s e ,  2 .0  mN i n  the a f t .  
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Figure  3 .17 46 Spectra .  Histogram of wave elevation 
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Figure 3.19 46 Spectra. Histogram of a f t  base tension 
- 53 - 
Also a p p a r e n t  1s t h a t  t h e  d i s t r i b u t i o n s  a r e  skewed:  t h e  f o r e  d a t a  t o  s m a l l e r  
t e n s i o n s ;  t h e  a f t  d a t a  t o  l a r g e r  t e n s i o n s .  A c h i - s q u a r e d  test  s h o w d  the 
e f f e c t  t o  b e  s i g n i f i c a n t  - a s  d o e s  t h e  f a c t  t h a t  t h e y  are c m p l e m e n t a r i l y  
p o s i t i v e l y  a n d  n e g a t i v e l y  skewed,  T h i s  r e s u l t  s u g g e s t s  a s l i g h t l y  n o n - l i n e a r  
r e l a t i o n s h i p  be tween moor ing  t e n s i o n  a n d  wave h e i g h t .  T h i s  is n o t  a  
s u r p r i s i n g  r e s u l t :  t h e  s p i n e  mot ion  i s  n o n - l i n e a r  w i t h  wave h e i g h t ;  a n d  t h e  
moor ing  t e n s i o n  is n o n - l i n e a r  w i t h  e x t e n s i o n .  
To c o n c l u d e ,  i n  g e n e r a l  moor ing  l o a d s  rise w i t h  sea s i z e ,  and  show a  l o w e r  
scatter i n  t h e  46  spectra t h a n ,  s a y ,  s p i n e  b e n d i n g  moments. The n o r m 1  
d i s t r i b u t i o n  is n o t  a d e q u a t e  f o r  t h e  p r e d i c t i o n  o f  e x t r e m e  l o a d s ,  and 
l o g a r i t h m i c  d i s t r i b u t i o n s  (eg, W e i b u l l )  a r e  p r o b a b l y  s a f e r .  
Weighted average  r e s u l t s  f o r  t h e  s p i n e  i n  t h e  46 s p e c t r a  are p resen ted  i n  
Table 3.2. 
For t h e  wave ampl i tude ,  t h e  calm-water va lue  i s  de f ined  t o  be  ze ro ,  and t h e  
mean va lue  e q u a l s  t h i s .  The s t a n d a r d  d e v i a t i o n  (which, f o r  1024 samples 
is o n l y  0.05% d i f f e r e n t  from t h e  root-mean-square v a l u e )  is 7 mm. 
For s p i n e  p o s i t i o n  t h e  calm-water v a l u e  i n  heave and s u r g e  is  aga in  de f ined  
t o  be ze ro ,  
./ 
The mean va lue  o f  heave p o s i t i o n  equals z e r o  because of  t h e  e x t r a  r e s t o r i n g  
f o r c e  due t o  s p i n e  buoyancy. The s t anda rd  d e v i a t i o n  of motion i s  4.5 m, which 
is  less than  t h e  wa te r  motion due  p a r t l y  t o  t h e  r e s i s t a n c e  of t h e  s p i n e  t o  
motion, and p a r t l y  t o  crest averaging .  
The mean va lue  of  s p i n e  s u r g e  p o s i t i o n  is  some 33 mm a f t  o f  t h a t  i n  
calm water .  Th i s  is  a r e s u l t  o f  t h e  moorings y i e l d i n g  t o  Lonquet-Higgins 
m ~ n t u r n  fo rces .  These d r i f t  f o r c e s  also c o n t r i b u t e  t o  s t anda rd  d e v i a t i o n  
of m t i c n  of 8.7 mm - n n a r l y  t w i c e  t h a t  i n  heave. 
The e f f e c t  of t h e  a f t  d r i f t  i s  t o  i n c r e a s e  t h e  f o r e  t e n s i o n  and dec rease  
t h e  a f t  t e n s i o n ;  c o n c o m i t a n t l y  t o  i n c r e a s e  t h e  a f t  a n g l e ,  and d e c r e a s e  t h e  
f o r e .  The s t anda rd  d e v i a t i o n  of  t e n s i o n  v a r i a t i o n  is  abou t  2.8% of  t h e  mean 
v a l u e  in  both t5e f o r e  and a f t  c a s e s .  

An i n t e r e s t i n g  r e s u l t  is appa ren t  from t h e  t a b l e  of m b r i n g  ang le s .  ~ e l a t i v e  
t o  t h e i r  calm-water va lues ,  t h e  mean a n g l e s  change s u b s t a n t i a l l y :  t h e  base and 
t h i r d  a n g l e s  i n c r e a s e ;  t h e  second a n g l e  dec reases .  I t  is c l e a r  t h a t  t h e  mean 
p o s i t i o n  of t h e  f l o a t s  is h ighe r  t han  t h e i r  calm-water va lue :  120 mm i n  t h e  a f t  
case, 75 mm i n  t h e  f o r e .  The o t h e r  a n g l e s  a d j u s t  t o  a c c o ~ a t e  t h i s  rise. 
Note a l s o  t h a t  t h e  s t a n d a r d  d e v i a t i o n  of t h e  second a n g l e  i s  l a r g e r  t han  t h e  
t h i r d ,  which i m p l i e s  t h a t  t h e  a n g l e  of t h e  f i r s t  s e c t i o n  of  l i n e  wi th  t h e  
t ank  f l o o r  v a r i e s  more t h a n  t h a t  of t h e  t h i r d  s e c t i o n  o f  l i n e  wi th  t h e  t ank  
f l o o r .  The s ta t ic  a n a l y s i s  i n d i c a t e s  t h a t  t h e  v a r i a t i o n  should be t h e  same. 
Th i s  is a f a s c i n a t i n g  r e s u l t .  It imp l i e s  t h a t  t h e  f l o a t  and s i n k e r  a r e  moving 
i n  such a way a s  t o  augment t h e  f i r s t  a n g l e  and d iminish  t h e  t h i r d .  The heave 
o s c i l l a t i o n  of t h e  mooring, d i scussed  i n  t h e  mooring dynamics of  a-ppendix D 
does  p r e c i s e l y  t h a t .  
The mooring resonance t h e r e f o r e  m v e s  t h e  f l o a t  more than  t h e  s p i n e  motion 
r e q u i r e s  it t o .  Furthermore, mst of  t h e  s p e c t r a  a r e  e n t e r e d  on 1 Hz, and 
t h e  f l o a t  is  abou t  a 1 Hz wavelenq-th - 1.56 m - from t h e  s p i n e ,  s o  load ing  
on t h e  f l o a t  due t o  t h e  s p i n e  ri-otion, and t o  t h e  waves, w i l ' l  b e  i n  phase. 
It i s  clear t h a t  t h e  mooring des ign  could  be changed to  m i t i g a t e  t h e  e f f e c t s  
of  t h e  resonance,  and t h a t  it m u l d  be b e t t e r  t o  l o c a t e  t h e  f l o a t  a t  a h a l f ,  
o r  one and a h a l f  wavelengths from t h e  s p i n e .  
However, even a t  p r e s e n t ,  t h e  annual weighted average of  t h e  second a n g l e  
motion i s  on ly  18 m i l l i r a d i a n s  - a b o u t k ' d e g r e e .  
To g a i n  a more exact i d e a  of t h e  wave f o r c e s  on t h e  moorings, w e  renoved t h e  
s p i n e  and t i e d  i t s  mooring l i n e s  t o  a f i x e d  p i n t  e x a c t l y  a s  w e  d i d  f o r  t h e  
f r e a k  wave e x p e r i m n t .  Th i s  t ime  w e  r an  t h e  46 s p e c t r a ,  and a g a i n  recorded 
t h e  anchor gauge f o r c e  s i g n a l s .  
The t ens ion  r eco rds  f o r  t h e  f o r e  and a f t  moorings a r e  presented  i n  f i g u r e s  
3.20 and 3.21, and t h e  a n g l e  r e c o r d s  i n  f i g u r e s  3.22 and 3.23, t o  t h e  same 
scale a s  t h e  e q u i v a l e n t  experiments  wi th  t h e  mooring p l u s  sp ine .  They d o  
n o t ,  of course ,  show any of t h e  low frequency and d r i f t  e f f e c t s  t h a t  were 
p r e s e n t  wi th  t h e  sp ine .  
A condensa t ion  o f  t h e s e  d a t a  as be fo re ,  t o  annual  weighted form is pr -  ~ s e n t e d  
i n  Table  3.3. The mean va lue  o f  t h e  t e n s i o n s  i s  s l i g h t l y  reduced from t h e  
calm-water va lue ,  and t h e  a n g l e s  i n c r e a s e  s l i g h t l y .  But t h e  e f f e c t s  a r e  
about  s i x  tims s m a l l e r  t han  f o r  t h e  m r i n y  wi th  sp ine .  
On t h e  o t h e r  hand, t h e  s t anda rd  deviat i .cn snow t h a t  t h e  a n g l e  and t e n s i o n  
v a r i e s  a b u t  h a l f  a s  much a s  w i th  t h e  sp ine .  
The conclus ion  i s  t h a t  h7ave loading  on t h e  moorings accounts  f o r  a l a r g e  
part of t h e  m o r i n g  response ,  b u t  t h a t  t h e  rise of  t h e  f l o a t s  i s  mainly 





TABLE 3.3 ANNUAL WEIGHTED AVERAGES FOR THE FIXED MOORING 
MOORING TENSIONS (mil linewtons) 
fore 634 631 9 
aft. 613 612 7 / 
IviCORING ANGLES (milliradians) 
angle ca l m-wa ter value mean value standard deviation 
fore 707 728 3 
aft 6 6 3 697 4 
SECTION 4 FATIGUE 
A c r i t e r i o n  of eng inee r ing  d e s i g n  is t h a t  loads  a r e  kep t  n o t  merely w i t h i n  
t h e  bounds of  t h e  s t a t i c  s t r e n g t h  of t h e  s t r u c t u r e  under  c o n s i d e r a t i o n ,  b u t  
also w i t h i n  t h e  l i m i t s  determined by t h e  c y c l i c  loading ,  which may b e  many 
tims lower. 
The mooring rcdes themselves may e a s i l y  be made f a t i g u e  r e s i s t a n t  enough 
a g a i n s t  t h e  t e n s i o n  changes i n  them, which a r e  t y p i c a l l y  3% of  t h e  s t a t i c  
t ens ion .  Likewise,  t h e  a t tachments  t o  t h e  f l o a t ,  s i n k e r  and anchor can be  
des igned  t o  resist t h e  bending, t e n s i o n  and f r e t t i n g  loads .  
The most v u l n e r a b l e  components a r e  t h e  e l e c t r i c a l  down-feeder c a b l e s  which 
r e q u i r e  s p e c i a l  care t o  p r o t e c t  them a g a i n s t  bending f a t i g u e .  I f  a loose  
c a b l e ,  dang l ing  a t  random were used t o  connec t  t h e  s p i n e  t o  a f i x e d  p o i n t  
on t h e  sea bed, f a t i g u e  m u l d  r a p i d l y  occur  a t  t h e  junc t ion  of  f l e x i b l e  
and r i g i d  p a r t s  because d e f l e c t i o n s  would be concen t r a t ed  a t  t h a t  p o i n t .  
However, i f  t h e  d e f l e c t i o n s  were d i s t r i b u t e d  evenly over  a l eng th  o f  c a b l e ,  
bending s t r a i n  and hence f a t i g u e  could  be  reduced t o  a r b i t r a r i l y  low va lues .  
W e  env i sage  a c a b l e  geometry i d e n t i c a l  t o  t h a t  of t h e  mooring wi th  t e n s i o n  
maintained i n  t h e  same way by f l o a t s  and s i n k e r s .  Def l ec t ion  o f  t h e  c a b l e  
i s  c o n t r o l l e d  by t h e  elbow j o i n t  shown i n  exploded form i n  f i g u r e  4.1.  
It c o n s i s t s  of two t e t r a h e d r a l  f rames pinned toge the r .  The lower member o f  
each  frame is  s p l i t  t o  a l l o w  t h e  c a b l e  t o  p a s s  i n s i d e  it, where it i s  clamped 
a long  t h e  lower h a l f  i ts  l eng th .  The upper h a l f  o f  t h e  member i s  f l a r e d  
wi th  a de f ined  r a d i u s  of  c u r v a t u r e  t o  keep bending w i t h i n  t h e  endurance limit 
of  t h e  c a b l e .  Between t h e  frames t h e  c a b l e  is  formed i n t o  h e l i c a l  loops.  
The more loops,  and t h e  l a r g e r  t h e  d i a m t e r ,  t h e  less the f a t i g u e  i n  t h e  
c a b l e .  I n  t h i s  s tudy ,  we t a k e  t h e  bend t o  be  conf ined  t o  one and a q u a r t e r  
t u r n s  on a 3 metre d i a m t e r  form, and t h a t  t h e  s t r a i n  i s  e q u a l l y  d i s t r i b u t e d  
around t h i s  c ircumference.  The c a b l e  d iameter  is  taken t o  be  a t y p i c a l  
va lue  f o r  a 138 kV c a b l e ,  namely f o u r  and a h a l f  i nches ,  o r  114.3 m. 
Figure 4.1 
s i n k e r  
Exploded view of cable elbow j o i n t  
The frames a r e  designed t o  be n e u t r a l l y  buoyant. A s i n k e r  o r  a f l o a t  
a t t a c h e d  t o  t h e  yoke on t h e  hinge p in  l i n e  a p p l i e s  a s t e a d y  t e n s i o n  
t o  t h e  cab le .  Wave f o r c e s  on t h e  s p i n e  and mooring w i l l  cause  small  
v a r i a t i o n s  of  t h e  t ens ion .  The length  of  t h e  f r a m s  i s  chosen so t h a t  
t h i s  t e n s i o n  v a r i a t i o n  a c t i n g  on t h e  l e v e r  arm of  t h e  fran-e produces 
enough t o r q u e  t o  d e f l e c t  t h e  loops through t h e  r equ i r ed  ang le .  The c a b l e  
can t h e r e f o r e  o n l y  bend w i t h i n  t h e  c o n f i n e s  of t h e  elbow j o i n t  and t h e  
bending s t r a i n  is  spread  over  s u f f i c i e n t  of i t s  l enq th  t o  reduce  f a t i g u e  
t o  any l e v e l  deemed necessary.  
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The r e s u l t s  of  t h e  e x p e r i w n t  w i th  t h e  46 s p e c t r a  become t h e  i n p u t  f o r  t h e  
f a t i g u e  c a l c u l a t i o n s .  S ince  t h e  g r e a t e s t  angu la r  v a r i a t i o n  was found f o r  
t h e  f o r e  second a n g l e  ( o p p o s i t e  t h e  f l o a t ) ,  w e  concen t r a t ed  a t t e n t i o n  on 
t h a t  one . 
To i l l u s t r a t e  t h e  m t h c d  we t a k e  t h e  mooring a n g l e  r e c o r d s  f o r  s e a  number 38 
a s  an  example. F igu re  4 .2  shows t h e  time series of t h e  a n g l e ,  and f i g u r e  4.3 
shows t h e  modulus of t h e  F o u r i e r  t ransform.  Each t o o t h  of  t h e  t ransform is 
as s igned  t o  a his togram cell acco rd ing  t o  i ts  s i z e ,  and t h e  cell popu la t ion  is  
inc reased  by t h e  n m b e r  of c y c l e s  due  t o  t h a t  f requency i n  t h e  sampling per iod .  
Note t h a t  this method t h e r e f o r e  i g n o r e s  any s t e a d y  s t a t e  component; hence, i n  
t h e  example t r ans fo rm of f i g u r e  4.3 t h e  DC compnen t  has  n o t  been i n d i c a t e d ,  
T h i s  process  is p e r f o m d  f o r  each  of  t h e  46 s e a s  i n  t u r n ,  where t h e  a d d i t i o n  
t o  each his togram cell is m u l t i p l i e d  by a f a c t o r  i n c o r p o r a t i n g  model s c a l e ,  
t h e  number of seconds in a y e a r ,  and t h e  weight ing  of  each  s e a  s t a t e .  The 
r e s u l t  is a graph i n  which t h e  s i z e  of his togram cells is  p l o t t e d  v e r t i c a l l y  
on a l i n e a r  s c a l e  a q a i n s t  a h o r i z o n t a l  s c a l e  of t h e  logar i thm of t h e  t o t a l  
number of  c y c l e s  i n  t h a t  cell .  This  i s  analogous t o  t h e  s t anda rd  S/N curves  
drawn by materials s c i e n t i s t s  t o  i l l u s t r a t e  t h e  l i f e t i m e  of  a component a t  
g iven  s t r a i n  l e v e l s .  However, o u r s  r e p r e s e n t s  n o t  t h e  l i m i t  o f  f a i l u r e ,  b u t  
t h e  limit of t h e  exper ienced  loads .  
Figure 4 . 2  Fore second angle: time series 
Figure 4 . 3  Fore second angle: Fourier transform 
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One must be c a u t i o u s  when us ing  F o u r i e r  t r ans fo rm techniques .  If an i n p u t  
f requency lies between t w o  t e e t h ,  it w i l l  be shared  between them, and t o  a  
lesser e x t e n t ,  mre d i s t a n t  t e e t h .  
F i g u r e  4 . 4  s h w s  h w  t h e  F o u r i e r  d i s t r i b u t i o n  of a n  o s c i l l a t i o n  changes a s  i t s  
frequency is changed, i n  t e n  s t e p s ,  from e x a c t l y  c o i n c i d e n t  wi th  one t o o t h  
( a t  0.9961 Hz) t o  e x a c t l y  c o i n c i d e n t  w i th  t h e  n e x t  one ( a t  1.0156 Hz).  . 
The rule is t h a t  t h e  sum o f  t h e  squa res  o f  t h e  t e e t h  ( i e  t h e i r  e n e r g i e s )  
remains equal  t o  t h a t  i n p u t .  
When t h e  i n p u t  f requency i s  e x a c t l y  between two t e e t h ,  t h e  smearing e f f e c t  is 
. a maximum: t h e  s i d e  bands are a t  a  maximum, and t h e  two cen'$ral t e e t h  have 
dropped i n  va lue  by a  f a c t o r  of  1.56. 
The e f f e c t  of t h i s  smearing on t h e  c o n s t r u c t i o n  of t h e  his togram w i l l  be  - 
a t  wors t  - t o  reduce  t h e  maximum s i z e  of cell by a  f a c t o r  of 1.56; and t o  
i n c r e a s e  t h e  p p u i a t i o n  of smaller cells. To be on t h e  s a f e  s i d e ,  w e  should 
m u l t i p l y  t h e  v e r t i c a l  s c a l e  by 1.56. If we l e ave  t h e  h o r i z o n t a l  s c a l e  t h e  
saze, we ove res t ima te  t h e  low ampl i tude  cells. These w i l l  a l s o  c o n t a i n  t h e  
r e s i d u a l  n o i s e  of  Lye sampled channels ;  t h e  lowes t  cell i s  t h e r e f o r e  b e s t  
d i s r ega rded .  

Figure  4.5 s h m s  t h e  f i n a l  graph  of c y c l e s  f o r  t h e  f o r e  second angle  
ove r  a pe r iod  of  25 yea r s .  The maximum a n g l e  i s  below 100 m i l l i r a d i a n s  - 
abou t  6 degrees .  
I t  is p o s s i b l e  t o  c a l c u l a t e  t h e  cor responding  amount of  s t r a i n  f o r  t h e  c a b l e  
i n  ques t ion  f r a n  t h e  c a b l e  parameters  and experienced a n g l e  accord ing  t o  t h e  
formula : 
s t r a i n  = d A  
2 p i D N  
A = a n g l e  
d = c a b l e  d i a ~ t e r  = 114.3 m 
D = bending d iameter  = 3.0 m 
N = nlmber of  t u r n s  = 1.25 
The c o r r e s p n d i n g  s t r a i n  is  i n d i c a t e d  on t h e  r i g h t  hand s c a l e  of t h e  graph. 
The maximum is less than  500 m i c r o s t r a i n  - a ve-ry low l e v e l .  Ekperiments 
c a r r i e d  o u t  by P i r e l  l i  ( r e f e r e n c e  i n  s ea  wa te r  
40 thousand m i c r o s t r a i n  shcwed l e v e l s  of f a i l u r e  a t  between 1 and 10 m i l l i o n  
cyc le s .  The c a b l e  h a r n e s s  j o i n t  e n s u r e s  t h a t  f o r  25 y e a r s  i n  the South U i s t  
wave c l i m a t e  c y c l e  numbers h i g h e r  t h a n  10 m i l l i o n  w i l l  o n l y  be a s s o c i a t e d  w i t h  





THE ANCHOR GAUGE 
The anchor gauge consists of a length of 1/4" square-section l ight  al loy bar 
clamped a t  one end, and ballast& by a massive steel plate .  Sets of s t r a in  
gauges, cemented t o  t h e  bar with oven-cured epoxy, a re  arranged i n  pairs  on 
each face. The two pairs of gauges on opposite faces are connected i n  bridge 
arrangement and supplied from a constant voltage source in  a separate box of 
conditioning c i rcui t ry .  A schematic diagram of the electronics i s  shorn in 
in  figure 5.1. 
r" reference 
Resistors are added in its plug 
to parallel either the input or 
feedback resistor of the second 
operational amplifier until the 
correct calibration is achieved 
STRAIN GAUGE LOW-PASS FILTER 
AMPLIFIER BREAK POINT 1 0 0  Hz 
GAIN 1 2 5 0  GAIN 1 . 3  - 2 . 0  
CABLE - - - - - -  output 
Both LEDs u n l i t  
at b a l a n c e  p o i n t  
- m - - - -  
Figure 5 .1  
1 V / N  
Schema of anchor  gauge e l ec r t ron i c s  
STRAIN GAUGE BRIDGE 
The gain of each conditioning 
circuit is caliBrated against LOW-PASS FILTER 
a standard passive network BREAK POINT 1 Hz 
Each anchor gauge is calibrated GAIN 1 5 0 0  
against standard forces in a rig OFFSET ADJUSTMENT 
A c l o s e - u p  pho tograph  of t h e  bar shows t h e  d i s p o s i t i o n  o f  t h e  w i r i n g  and t h e  
s t r a i n  gauges .  They are covered  w i t h  f l o w a b l e  RTV s i l i c o n e  r u b b e r  t o  p r e v e n t  
i n g r e s s  o f  w a t e r ,  w i t h  hea t - shrunk  p l a s t i c  o v e r  t h e  t o p  f o r  mechanical  
p r o t e c t i o n .  The w i r i n g  is connec ted  t o  t h e  e x i t  c a b l e  v i a  a sm11 p i e c e  o f  
' ~ e r o b o a r d '  which is b o t h  i n s u l a t e d  and wate rproofed  by embedding i t  i n  more 
s i l i c o n e  r u b b e r  which f i l l s  a recess m i l l e d  i n t o  t h e  base .  

The f i n a l  assembly.  The ' U '  shaped loop a l l o w s  c o n v e n i e n t  r e t r i e v a l  w i t h  a 
b o a t  hook. The guard  r i n g  a round  t h e  m v i n g  end o f  t h e  b a r  acts  a s  a s t r a i n  
limiter to  p r o t e c t  t h e  gauge d u r i n g  hand l ing .  

The b a r s  a r e  c a l i b r a t e d  i n  a r i g  which a p p l i e s  known weights ,  and hence 
f o r c e s ,  v i a  p u l l e y s  t o  each  d i r e c t i o n  (up ,  down, l e f t ,  r i g h t )  which d e f i n e  
t h e  or thogonal  ' X '  and 'y '  axes .  Trim r e s i s t o r s  a r e  p laced  i n  t h e  plug 
which connects  t h e  gauge t o  t h e  c o n d i t i o n i n g  box. Trimning is  done i n  
t h e  p lug  s o  t h a t  any gauge m y  be connected t o  any box wi thou t  need f o r  
r e c a l i b r a t i o n .  
The s i g n a l  c o n d i t i o n i n g  r e q u i r e s  e l e c t r o n i c  o f f s e t s  t o  b e  n u l l e d  b e f o r e  an  
experiment  b q i n s .  The n u l l i n g  is  done wi th  t h e  anchor gauge i n  t h e  wa te r ,  
so t h a t  t h e  f o r c e  due t o  t h e  buoyancy of t h e  b a r  i s  d iscounted .  
The accuracy of t h e  c o n s t r u c t i o n  geometry ms checked i n  t h e  fo l lowing  way. 
A c a l i b r a t e d  b a r  was p laced  i n  t h e  chuck of  a dividing-head.  The 
head r ead ing  was set t o  ze ro  deg rees ,  and the ba r  l e v e l l e d .  A weight  was 
then  a t t a c h e d  t o  t h e  gauge end,  and t h e  dividing-head r o t a t e d  from z e r o  
t o  n i n e t y  deg rees ,  s o  t h a t  t h e  f o r c e  due t o  t h e  weight  was g r a d u a l l y  s h i f t e d  
froin t h e  'y ' t o  t h e  'X '  a x i s .  Readings of s t r a i n  were taken  i n  each  a x i s  
a t  one  decjree i n t e r v a l s .  Table  5 .1  s h m s  t h e  a n g l e  r e a d  from t h e  d iv id ing -  
head s c a l e ,  t h e  measured 'y ' and 'X '  s t r a i n s ,  and t h e  a n g l e  c a l c u l a t e d  from 
t h e  a r c t a n  of t h e  s t r a i n  r a t i o  of t h e  two axes .  The agreerwnt  of  t h e  
measured and c a l c u l a t e d  a n g l e s  is  v e r y  c l o s e  - ove r  t h e  whole range,  t h e r e  i s  
a mean error of 0 . 2  degrees .  I n  t h e  d i s c u s s i o n  below, t h i s  is  compared wi th  
t h e  c o n t r i b u t i o n  due t o  o t h e r  e r r o r s .  
TABLE 5.1 ANCHOR GAUGE ANGLE LINEaRITY 
blEASURED ANGLE HEAVE FORCE rnN SURGE FORCE rnN CALCULATED ANGLE 
..................................................................... 
0 0 1163 0.0 
5 90 1160 4.5 
1 0  193 1145 9.6 
1 5  2 90 1123 14.6  
20 387 1093 19.6  
25 482 1055 24.7 
3 0 575 1008 29.8 ' 
3 5 661 953 34.9  
40 741 891  39.9 
4 5 8 17  823 44.9 
50 887 747 50.0. 
5 5 947 661 55.2  
6 0 1003 581 60.0 
6 5 1052 488 65.2 
70 1090 394 70.2 
7 5 1119 299 75.1 
8 0 1142 199 80.2  
85 1153 100 85.1  
9 0 1157 0 90.0 
..................................................................... 
A 1 Newton w e i g h t  was used as  t h e  d e f l e c t i o n  f o r c e .  The m a x i m u m  r e a d i n g  i n  
heave  o r  s u r g e  s h o u l d  t h e r e f o r e  be 1000 mN. The d i f f e r e n c e  ( s a n e  160 m N )  is  
d u e  t o  t h e  w e i g h t  o f  t h e  b a r .  
, 
Note t h a t  e l e c t r o n i c  o f f s e t s  have been removed so t h a t  heave  f o r c e  i s  z e r o  
a t  z e r o  d e g r e e s ,  and  s u r g e  f o r c e  is zero a t  90  d e g r e e s .  
The c a l c u l a t e d  a n g l e  is  d e r i v e d  from t h e  e x p r e s s i o n :  
a n g l e  = a r c t a n  X r e a d i n g  1163 
y r e a d i n g  *-l 1157 
where t h e  f a c t o r  1163 corrects f o r  t h e  c a l i b r a t i o n  d i f f e r e n c e  between t h e  
1157 
two c h a n n n l s .  
ERROR CONTRIBUTIONS TO TENSION FEASURETYIENT 
The gauges  were  c a l i b r a t e d  t o  w i t h i n  1% of  t h e  nominal 1 Newton per Volt. 
The gauges  and  t h e i r  c o n d i t i o n i n g  boxes  e x h i b i t e d  a d r i f t  o f ,  a t  t h e  
most ,  0.5 mN o v e r  t h e  c o u r s e  o f  a two h o u r  e x p r i m n t .  
The worst-case root-mean-square  n o i s e  i n  t h e  sys tem cor responded  t o  2 mN. 
The f i r s t  two items s h o u l d  b e  r e f e r r e d  t o  t h e  s t a n d i n g  t e n s i o n  i n  t h e  rmor ing  
l i n e s  when t h e  sys tem is a t  rest, namely,  a b o u t  600 mN. 
The n o i s e  s h o u l d  be compared w i t h  t h e  a l t e r n a t i n g  s i g n a l s  measured i n  t h e  
e x p e r i ~ n t s .  The South  U i s t  s p e c t r a  e x p e r i m e n t s  produced t e n s i o n s  o v e r  t h e  
r a n g e  5 - 35 mN rms. 
I .  
ERROR CONTRIBUTIONS TO ANGLE MEASUREMENT 
1) A 1% d i f f e r e n c e  i n  r ead ing  between t h e  ' X '  and 'y '  a x e s  of t h e  anchor 
gauge cor responds  t o  an  error of 0.3 deg rees  a t  45 deg rees ,  dropping 
t o  0.2 deg rees  a t  22.5 and 67.5 degrees .  
2 )  The dividing-head experiment  showed a mean e r r o r  of 0.2 deg rees  over  
- t h e  0 - 90 deg ree  range .  Peak e r r o r  ~cas 0.5 degrees .  
3 )  The worst-case n o i s e  i n  t h e  system was e q u i v a l e n t  t o  0 . 1  deg rees  rms. 
The f i r s t  t w o  p i n t s  should b e  ccmpared wi th  t h e  s t a t i c  a n g l e  of  t h e  
mooring i n  t h e  rest p o s i t i o n ,  abou t  40 degrees .  
The no i se  should be compared wi th  t h e  ang le s  measured i n  experiments .  I n  
t h e  South U i s t  46 s p c t r a  t h e  range covered -15 t o  1 . 5  deg rees  rms. 
APPENDIX i3 TKE POSITION GAUGE 
The p o s i t i o n  gauge is mounted i n  a p l a n e  normal t o  t h e  long  a x i s  of t h e  sp ine ,  
and measures motion i n  t h a t  p l ane  of t h e  s p i n e  j o i n t  t o  which it is  a t t a c h e d .  
The arrangement is shown schemat i ca l ly  i n  f i g u r e  5.2 
The cross-beam is clamped to  t h e  unde r s ide  of t h e  wireless mast ,  and is 
a d j u s t e d  t o  ?X l e v e l  when t h e  s p i n e  is i n  t h e  water. The f o r e  and a f t g a u g e s  
a r e  f i x e d  on t h e  cross-beam abou t  2 m a p a r t ,  w i t h  a plumb bob e x a c t l y  
halfway between them. They have no canponents i n  c m n ;  and a r e  i d e n t i c a l .  
Each comprises  : 
a )  a nylon l i n e  a t t a c h e d  by a rragnet t o  a s p i n e  j o i n e r  r i n g .  
b )  a worm p u l l e y ,  motor,  and o p t i c a l  r o t a t i o n  senso r .  
c )  an  e l e c t r o n i c s  board f o r  s i g n a l  c o n d i t i o n i n g  and d i g i t a l  p rocess ing .  
These are s h a m  i n  t h e  fo l lowing  photographs. 

The p h o t o g r a p h  s h w s  t h e  f o r e  a n d  a f t  l i n e s  o f  t h e  p o s i t i o n  gauge .  They 
a t t a c h  to  t h e  s p i n e  by c y l i n d r i c a l  magne t s  e n g a g i n g  w i t h  steel i n s e r t s  i n  
t h e  s p i n e  j o i n e r  r i n g .  
~ l s o  shown i n  t h e  pho tog raph  a r e  t h e  power a n d  s i g n a l  c a b l e s  f o r  t h e  s p i n e  
on  t h e  l e f t ,  and  f o r  t h e  duck  on  t h e  r i g h t .  
The t r a n s p a r e n t  t u b i n g  on t h e  r i g h t  carries a d r y  a i r  s u p p l y  to  e a c h  s p i n e  
u n i t  t o  k e e p  t h e  i n t e r i o r  f l u s h e d ,  and  p r e s s u r i z e d  a g a i n s t  w a t e r  i n g r e s s .  

The photograph shows t h e  p o s i t i o n  gauge assembly mounted on t h e  w i r e l e s s  mast. 
From t h e  r i g h t  a r e  shown: 
t h e  worm p u l l e y  and nylon l i n e  
t h e  mtor, p r o v i d i n g  t h e  l i n e  t e n s i o n  
t h e  t a c h o g e n e r a t o r ,  f o r  s e n s i n g  t h e  motor v e l o c i t y  
t h e  o p t i c a l  encoder ,  f o r  s e n s i n g  t h e  mtor r o t a t i o n .  
Above, t h e  a n a l o g  and d i g i t a l  e l e c t r o n i c s .  

' '  
The arrangement  o f  t h e  gauge c o m p n e n t s  i s  s h a m  s c h e m a t i c a l l y  i n  f i g u r e  5 . 3 .  
The nylon l i n e  a t t a c h e s  w i t h  a magnet t o  a steel i n s e r t  i n  t h e  aluminium a l l o y  
s p i n e  j o i n e r  r i n g .  A t  t h e  o t h e r  end it winds on t o  a 19 mm d i a m e t e r  p r e c i s i o n  
t u r n e d  worm p u l l e y  which is mounted d i r e c t l y  on t h e  s h a f t  o f  a low i n e r t i a  DC 
motor. The l i n e  is k e p t  t a u t  by a c o n s t a n t  c u r r e n t  o f  70 mA s u p p l i e d  t o  t h e  
motor. To c m p n s a t e  f o r  b r u s h  f r i c t i o n ,  a f u r t h e r  c u r r e n t  o f  1 3  mA i s  super -  
- 
imposed on t h e  70 mA. The 1 3  mA is swi tched  p o s i t i v e  when t h e  t a c h o g e n e r a t o r  
rmunted on t h e  motor s e n s e s  t h a t  t h e  l i n e  is  c o n t r a c t i n g ,  and s w i t c h e d  n e g a t i v e  
when t h e  l i n e  is e x t e n d i n g .  
By c o n t r a s t ,  t h e  S e l s p t  t e c h n i q u e  i s  o p t i c a l ,  u s e s  no t i e  l i n e s ,  and  t h e r e f o r e  
induces  no e r r o r  f o r c e s .  However, S e l s p t  is  more s u i t a b l e  f o r  models which 
are n e v e r  obscured  by w a t e r  - and  o u r  s p i n e s  are f r e q u e n t l y  f u l l y  i m r s e d .  
The l i n e  t e n s i o n  was chosen t o  be t h e  minimum r e q u i r e d  t o  accelerate t h e  l i n e  
s u f f i c i e n t l y ,  and  cor responded  t o  0.006 o f  t h e  buoyancy o f  a s i n g l e  s p i n e  
s e c t i o n .  The t e n s i o n  c a n c e l s  t h e  we igh t  o f  t h e  magne t ic  q u i c k - r e l e a s e  which 
c o u p l e s  t h e  i n s t r u m e n t  t o  t h e  j o i n e r  r i n g ,  and  t h e  f r e e b o a r d  is t h e r e f o r e  
u n a f f e c t e d .  Brush f r i c t i o n  m u l d  have c o n t r i b u t e d  a c o r r u p t i n g  f o r c e  o f  
a b o u t  0.001 o t  t h e  buoyancy f o r c e .  W e  b e l i e v e  t h a t  t h e  p o s i t i v e  v e l o c i t y  
feedback r e d u c e s  t h i s  by a t  least a f a c t o r  o f  10.  
The o p t i c a l  r o t a t i o n  s e n s o r  c o m p r i s e s  pho to-emi t t e r  and s e n s o r  d i o d e s  a r r a n g e d  
e i t h e r  s i d e  o f  a t r a n s p a r e n t  d i s k  p r i n t e d  w i t h  two c o n c e n t r i c  o p t i c a l  t r a c k s .  
Each t r a c k  c o n t a i n s  120 l i n e s  per r e v o l u t i o n ,  and t h e  i n n e r  i s  s t a g g e r e d  from 
t h e  o u t e r  by h a l f  a l i n e  wid th .  Consequent ly ,  as  t h e  assembly r o t a t e s ,  t h e  
p h o t d e t e c t o r s  produce two s i n e  wave s i g n a l s  i n  q u a d r a t u r e .  
The f i r s t  s t a g e  o f  t h e  e l e c t r o n i c s ,  t h e  d i s c r i m i n a t o r ,  a m p l i f i e s  and c l i p s  
t h e s e  s i g n a l s  t o  q u a d r a t u r e  s q u a r e  waves a t  l q i c  l e v e l .  From t h e s e  t h e  
' X  2 c i r c u i t '  produces  a f requency-doubled 240 c o u n t s / r e v o l u t i o n  s i g n a l  l i n e ,  

p .  
and  a  direction s e n s i n g  'up/down3 c o n t r o l  l l n e .  T h e s e  p a s s  to  a c o u n t e r  
c h a i n ,  t h e  o u t p u t s  o f  which g o  t o  a 1 3 - b i t  d i g i t a l - t o - a n a l o g  c o n v e r t o r  which 
p a s s e s  v i a  a n  op-amp t o  a m u l t i p l e x  b o a r d ,  a n d  i s  r o u t e d  t o  t h e  c o n t r o l  d e s k  
and  compute r .  
The  r e s o l u t i o n  o f  t h e  a p p a r a t u s  is 0 .25  mm; t h e  1 3  b i t  c o u n t e r  t h e r e f o r e  
a l l o w s  f o r  p lus /minus  1 .024 m d i s p l a c e r e n t  o f  a l i n e .  The  f i n a l  c a l i b r a t i o n  
is  set by t h e  o u t p u t  op-amp t o  b e  10 V/m. 
, I n  u s e ,  t h e  s p i n e  is lowered  i n t o  t h e  water a n d  t h e  w i r e l e s s  mast i s  s h i f t e d  
u n t i l  t h e  plumb bob is  located o v e r  t h e  c e n t r e  o f  t h e  s p i n e .  The  c o u n t e r s  
are set t o  z e r o  by  m o m e n t a r i l y  d e p r i v i n g  them o f  t h e  m u l t i p l e x  c l o c k  s i g n a l ,  
and  a s n o r t  program is  r u n  t o  set t h e  l i n e a r  o f f s e t s .  T i m  series f o r  t h e  
f o r e  and  a f t  g a u g e s  may t h e n  b e  sampled .  
F i p r e  5 . 4  shows t h e  geomet ry  f o r  t h e  g a u g e ,  and  b e n e a t h  i s  t h e  a l g e b r a i c  
d e r i v a t i o n  o f  h e a v e  a n d  s u r g e  d i s p l a c e r e n t ,  g i v e n  the f o r e  a n d  a f t  s i g n a l s .  






Figure 5 . 4  
C o n s i d e r i n g  t h e  t r i a n g l e s  ' c d y  ' and  ' e b y  ' ,  by P y t h a g o r a s :  
( 1 )  y z  = d Z  = bZ- e Z 
s u b s t i t u t i n g  d  = - a  - X a n d  e = g + X i n t o  ( 1 )  g i v e s :  
2 2 
H e n c e  ( 4 )  X = bz-  c 2  a n d  
2 a  2 - 
D i s p l a c e m e n t  from a n  a r b i t r a r y  r e s t  p o s i t i o n  i s  c a l c u l a t e d  
b y  c o m b i n i n g  t h e s e  v a l u e s  f o r  X and  y  w i t h  t h e  r e s t  v a l u e s  
X ,  a n d  y, . U s i n g  t h e  d i s p l a c e m e n t  c o n v e n t i o n  shown a b o v e :  
( 6 )  s u r g e = x o -  X ;  ( 7 )  h e a v e  = y, - y 
APPENDIX C THE MCORING 
A s i d e  e l e v a t i o n  of  t h e  mooring l i n e  is shown i n  f i g u r e  5 . 5  w i t h  its 3 
s e c t i o n s  o f  l i n e s  and t h e  f l o a t  and  s i n k e r  s i z e d  t o  p r c d u c e  e q u a l  u p  and  
d c w n t h r u s t  o f  1 . 2  Newtons. 
TABLE 5.2 
Masses and  added masses  f o r  t h e  f l o a t  and  s i n k e r  
mass o f  s i n k e r  = E45 grams 
volume o f  s i n k e r  = 1 9  millilitres 
u p t h r u s t  o f  f l o a t  = 157 - 32 = 125  grams 
d o w n t h r u s t  o f  s i n k e r  = 145 - 19 = 126 grams 
mass + added mass of s i n k s r  = 145 + 1 9  = 164 grams 
mass + added mass of  f l o a t  = 157 + 23 = 180 grams 
............................................................................. 
The added mass c a l c u l a t i o n s  assume t h a t  b o t h  f l o a t  and  s i n k e r  have  added mass 
c o e f f i c i e n t s  a p p r o p r i a t e  t o  c y l i n d e r s ,  namely,  1. 
H w e v e r ,  t h e  f l o a t  h a s  rounded e d g e s ,  and  a h e i g h t  t o  d i a m e t e r  rat io of 1 . 3  - 
it b e a r s  sone comparison t o  a s p h e r e ,  f o r  which t h e  c o e f f i c i e n t  i s  o n e  h a l f .  
I f  v a l u e  o f  0.9 is chosen  f o r  t h e  c o e f f i c i e n t ,  t h e  mass p l u s  added mass o f  
t h e  f l o a t  i s  164 grams - t h e  same a s  f o r  t h e  s i n k e r .  

I n  f i g u r e  5 . 6 ,  t h e  s t a t i c  f o r c e  diagram f o r  t h e  f l o a t  and s i n k e r  i s  drawn, 
and t h e  a l g e b r a  f o l l o w s  below. Making t h e  up and d o w n t h r u s t s  i d e n t i c a l  
g r e a t l y  s i m p l i f i e s  t h i n g s  - one o b s e r v e s  t h a t  l e n g t h s  p and r must be  under  
i d e n t i c a l  t e n s i o n s  and o r i e n t e d  a t  t h e  same a n g l e .  T h i s  a l l o w s  t h e  e q u a t i o n s  
i n  t h e  v e r t i c a l  and h o r i z o n t a l  a x e s  t o  have j u s t  2  unknowns - t h e  a n g l e s  A and  
B.  A s o l u t i o n  is t h e r e £  o r e  p o s s i b l e ,  f o l  l m i n g  sane t r i g o n o m e t r i c a l  
e l i m i n a t i o n  and rea r rangement .  The a n g l e s  a r e  g i v e n  i n  e q u a t i o n s  2 2  and 23. 
From t h e s e  t h e  t e n s i o n s  i n  t h e  s e c t i o n s  p and r a r e  d e r i v e d  and p r e s e n t e d  i n  
e q u a t i o n s  25 and 26. 
F i g u r e  5 - 6  Flmt and s i n k e r  static f o r c e s  
L e t  T ,  w i t h  i t s  a p p r o p r i a t e  s u b s c r i p t ,  r e p r e s e n t  t h e  t e n s i o n  
i n  e a c h  o f  t h e  s e c t i o n s  p ,  q ,  r .  
X a x i s  ( 1 )  T p  c o s  A + T q  c o s  B = 0 ( 3 )  ~q c o s  E + T r  cos C = 0 
y a x i s  ( 2 )  T p  s i n  A + T q  s k n  B = - U  ( 4 )  T q  s i n  E + T r  s i n  C  = D  
From t h e  d i a g r a m  E = T + B ;  s o  a d d i n g  ( 1 )  t o  ( 3 ) ,  a n d  ( 2 )  t o  ( 4 )  
( 5 )  T p  cos A + T r  cos C = 0 ( 6 )  T p  s i n  A + T r  s i n  C = D - U  
If U = D t h e n :  
( 7 )  T p  cos  A = - T r  cos C ( 8 )  T p  s i n  A = - T r  s i n  C 
a n d  d i v i s i o n  of ( 8 )  b y  ( 7 )  y i e l d s  t a n  A = t a n  C,  a n d  t h e r e f o r e :  
( 9 )  A = TT ' +  C  a n d  ( 1 0 )  T p = T r  
We may r e f e r  t o  t h e  d i m e n s i o n s  o f  f i g  ( 1 )  a n d  w r i t e  
X a x i s  (11)  - p  cos A + q c o s  B + r c o s  C  = m  
y a x i s  ( 1 2 )  - p  s i n  A + q s i n  B + r s i n  C  = v 
B e c a u s e  o f  (9) we may s i m p l i f y  t h e s e  a s :  
( 1 3 )  q cos B + ( p + r )  c o s  C = m 
( 1 4 )  q  s i n  B + ( p + r )  s i n  C = v 
W r i t i n g  j =  S I 
P + r  
( 1 5 )  cos C = k - j cos B 
S q u a r i n g  a n d  a d d i n g  ( 1 5 )  a n d  ( 1 6 )  
( 1 7 )  1 = k2- 2  j k cos B  + j 2 c o s z ~  + lZ - 2  j 1 s i n  B  + j 2 s i n 2 E 3  
( 1 8 )  2  j ( k  cos B  + 1 s i n  B )  = j Z +  k'+ 1' - 1 
k a n d  1 c o n v e r t  t o  t r i g o n o m e t r i c  q u a n t i t i e s  i f  d i v i d e d  b y  
t h e i r  m o d u l u s ,  n  , w h e r e  
'/a 
n  = ( k z  + 1 % )  s i n  D = - k  COS D = - 1 l t a n  D = 
n  n  1 
( 2 0 )  s i n  D cos B  + cos D s i n  B = W 
( 2 1 )  s i n  ( B  i- D )  = W 
( 2 2 )  B = a r c s i n  [ j 2  + k 2  + 1' - l] - a r c t a n  [+l 
2 l ( k '  + 1")'/"' 
( 2 3 )  C = a r c c o s  ( k  - j cos B )  = n + A  
F r o m  ( 1 )  T p  = -Tq  cos B , s u b s t i t u t i n g  i n  ( 2 )  y i e l d s  
cos A 
( 2 4 )  -Tq cos B t a n  A + T q  s i n  B  = - U  
y i e l d i n g :  
( 2 5 )  T q  = U / ( t a n  A cos B - s i n  B ) ,  a n d  s i m i l a r l y  
( 2 6 )  T p  = U / ( t a n  B  cos  A - s i n  A )  
The behaviour  of t h e  m r i n g  system can be shown by e v a l u a t i n g  t h e  exp res s ions  
f o r  t h e  a n g l e  and t e n s i o n  of t h e  base  and second s e c t i o n s  ( p  and q )  a s  t h e  
mooring l eng th  ( m )  is  extended.  
F i g u r e  5.7 shows t h e  v a r i a t i o n  of  a n g l e  wi th  ex-tension. Note t h a t  a s  ex tens ion  
i n c r e a s e s ,  t h e  a n g l e s  converge t o  a cannon va lue ,  a t  which t h e  l i n e  i s  a t  
f u l  l s t r e t c h .  
F i g u r e  5 - 8  shows t h e  t e n s i o n  f o r  both l eng ths .  The base' t e n s i o n  rises l i n e a r l y  
vJer most of its range.  The second t e n s i o n  s t a y s  f a i r l y  cons t an t .  Both rise 
s t e e p l y  a s  t h e  ex t ens ion  r eaches  its maximum. 
The d i f f e r e n t  s e c t i o n s  of  rode supply  t h e  h o r i z o n t a l  i n c r e a s e  i n  f o r c e  and 
d isp lacement  i n  d i f f e r e n t  ways: i n  t h e  base  s e c t i o n  t h e  a n g l e  changes s lowly  
and t h e  t e n s i o n  chanqes f a s t ;  b u t  i n  t h e  second s e c t i o n  t h e  a n g l e  changes f a s t  
and t h e  t e n s i o n  b a r e l y  a t  a l l .  
A t  t h e  p i n t  where t h e  a n g l e s  of t h e  two s e c t i o n s  b e c m e  equal,  t h e  a l g e b r a  
i n d i c a t e s  t h a t  t h e  t e n s i o n s  become i n f i n i t e ,  because i n e x t e n s i b l e  rodes  were 
assumed. I n  p r a c t i c e ,  t h e  s l o p  of  t h e  t ens ion  curve w i l l  approach t h e  
l i m i t i n g  va lue  of the e l a s t i c i t y  of t h e  rode  ma te r i a l .  
degrees 
1. 70 L. 80 1 .  30 2 . 0 0  m 2 . 1 0  2. 20 2. 30 2.  40 2.  so 
F i g u r e  5.7 C a l c u l a t e d  mooring a n g l e s  v e r s u s  e x t e n s i o n  
1. 70 1. 80 l. 30 2 . 0 0  m 2.  i o  2.  20 2.  30 2 .  40 2. so 
F i g u r e  5.8 C a l c u l a t e d  mooring t e n s i o n s  v e r s u s  e x t e n s i o n  
These graphs  may be c o n s t r u c t e d  exper imenta l ly .  Table  5.3 shows t h e  measured 
t e n s i o n s  i n  t h e  m o r i n g  l i n e s  f o r  a s t a t i c  experiment  i n  which t h e  f o r e  and 
a f t  mooring l i n e s  were a t t a c h e d  t o  a s t a t i o n a r y  p i n t .  The modulus o f  t h e  
'X' and ' y '  t e n s i o n s  was c a l c u l a t e d  f o r  t h e  f o r e  and a f t  c a s e s ,  and t h e  
a n g l e s  a l s o  c a l c u l a t e d .  The r e s u l t s  are f o r  t h e  base  s e c t i o n s  o n l y ,  and are 
compared wi th  s tat ic  theo ry  i n  f i g u r e s  5 .9 ,  5 .10,  5.11, and 5-12 .  The f i t  
f o r  both t e n s i o n s  is  reasonab le ,  and a l s o  t h e  f i t  f o r  t h e  f o r e  ang le .  The 
a f t  a n g l e  curve  is a p p r o x i m t e l y  c o r r e c t ,  b u t  i s  v e r t i c a l l y  d i s p l a c e d  by 
abou t  2 degrees .  
I f  we r e t u r n  t o  e q u a t i o n s  1 and 2 ,  w e  can examine t h e  s e n s i t i v i t y  of  a n g l e  
and t e n s i o n  t o  changes i n  t h e  up  o r  downthrust .  I t  t r a n s p i r e s  t h a t  a 
1% d i f f e r e n c e  Setween t h e  up and downthrust  produces a 2% d i f f e r e n c e  i n  
t h e  t e n s i o n s  of P and Q, and a 1 degree  d i f f e r e n c e  i n  t h e i r  angle .  Th i s  
he lps  t o  p u t  t h e  f i t  o f  t heo ry  and e x p e r i ~ n t  i n t o  p e r s p e c t i v e  - f i g u r e  5.10 
imp l i e s  t h a t  up and downthrust  i n  t h e  m d e l  have been m t c h e d  t o  a few 
pe rcen t .  
TABLE 5 .3  STATIC TEST OF PICOFUNG STIFFNESS 
BASE LENGTH m HEAVE FORCE mN SURGE FORCE mN ANGLE MODULUS mN 
FORE 1 . 5  2 1 4 4 25.5  49 
1 .6  6 4 9 3 34.5  113 
1 .7  16 3 194 40.0 253 
1 .8  258 294 41.3 391 
1.9 342 ,391 41.2 5 19 
2.0 4 14 496 39.9 646 
2.1 48 5 62 2 37.9 789 
2.2 568, 7 83 36.0 967 
2.3 677 1006 33.9  1196 
2.4 873 1422 31.5 1669 
2.5 1447 2563 29.4 2943 
.............................................................................. 
AFT 1 .5  70 104 33.9 125 
Angle i s  d e r i v e d  from a r c t a n  
Mooring l i n e  l e n g t h s  mm P g r 
f o r e  845 482 1418 
a f t  855 492 1438 
F o r e  s u r g e  s p r i n g  c o n s t a n t  a t  2 m b a s e  l e n g t h  = 0.610 - 0.400 = 1 .02  N/m 
0.2  









Figure 5 .l0 A f t  base angle: measured versus calculated 
- 98 - 
Figure  5.11 Fore  hase t e n s i o n :  measured v e r s u s  c a l c u l a t e d  
Figure  5 . l 2  A f t  b a s e  t e n s i o n :  measured v e r s u s  c a l c u l a t e d  
- 99 - 
With t h e  anchor gauge a l o n e  w e  needed t o  assume t h a t  t h e  up and downthrust  
were equal  i n  o r d e r  t o  d e r i v e  t h e  two a n g l e s  A and B. 
Hwever ,  w e  a l s o  have t h e  p o s i t i o n  gauge t o  h e l p  us .  S i n c e  t h e  l i n e s  remain 
i n  t e n s i o n  a l l  t h e  time, t h e  s t r a i g h t  l i n e  g e o m t r y  s h w n  i n  f i g u r e  5.13 
a p p l i e s ,  and t h e  d e r i v a t i o n  of a n g l e s  A,  B, C fo l lows  b e l w .  Th i s  a l g e b r a  
is u s e d ' i n  t h e  d e r i v a t i o n  of t h e  a n g l e  time series i n  Sec t ion  3. 
Figure  5.13 Mooring line geometry 
( 1 )  A = a r c t a n  h e a v e  f o r c e  
s u r g e  f o r c e  
X, a n d  y, a r e  m e a s u r e d  w i t h  t h e  p o s i t i o n  g a u g e  
F r o m  t h e  c o s i n e  r u l e :  
F r o m  t h e  s i n e  r u l e :  
( 7 )  K = a r c s i n  1 - r s i n  C I  
F r o m  the d i a g r a m :  
( r a d i a n s  ) 
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THE MCORINS DYNAMICS 
I n  t r a n s l a t i o n ,  a  system of N bod ie s  wi th  C c o n s t r a i n t s  has  3N - C deg rees  of 
f reedan .  The mooring h a s  2 bod ie s  - t h e  f l o a t  and s i n k e r  - and 3 c o n s t r a i n t s ,  
namely t h a t  t h e  f l o a t  and s i n k e r  move i n  s e p a r a t e  s p h e r i c a l  a r c s  cen te red  
r e s p e c t i v e l y  on t h e  anchor and t h e  s p i n e ,  and f u r t h e r ,  remain always a t  t h e  
same d i s t a n c e  from each  o t h e r  because they  a r e  t e t h e r e d  by a  l i n e  which re rmins  
t a u t .  Hence t h e r e  are 3 deg rees  of freedom, and t h e r e f o r e  3 modes of 
o s c i l l a t i o n .  A qu ick  ske t ch ,  or obse rva t ion  of t h e  m o r i n g  i t s e l f  r e v e a l s  
t h a t  2 o s c i l l a t i o n s  a r e  i n  sway, wi th  t h e  bodies  moving normal t o  t h e  
p l ane  of t h e  m r i n g ,  and e i t h e r  i n  o r  o u t  of  phase wi th  each o t h e r ,  and 
t h a t  t h e  3rd o s c i l l a t i o n  i s  i n  heave, w i th  t h e  bodies  n e c e s s a r i l y  i n  phase. 
A r i go rous  t r ea tmen t  would c o n s i d e r  t h e  dynamics of t h e  mooring i n  a l l  t h r e e  
dimensions. Hmever ,  w e  a r e  mainly i n t e r e s t e h  i n  t h e  resonances t h e  mooring 
may posses s ,  p a r t i c u l a r l y  i f  t h e y  a r e  i n  t h e  frequency-band of  e x t e r n a l  f o r c e s  
t o  which it i s  sub jec t ed .  Now, t h e  f l a t  znd s i n k e r  produce t h e i r  r e s t o r i n g  
f o r c e s  i n  t h e  v e r t i c a l  p lane .  It is c l e a r ,  t h e r e f o r e ,  t h a t  t h e  heave 
o s c i l l a t i o n  w i l l  cause  f i r s t  and h i g h e r  o r d e r  r e s t o r i n g  f o r c e s ,  and t h a t  sway, 
which produces o n l y  i n c i d e n t a l  heave motion, w i l l  produce second and h i g h e r  
o r d e r  r e s t o r i n g  f o r c e s .  Only f i r s t  o r d e r  f o r c e s  are l i n e a r  and consequent ly 
on ly  t h e  heave motion w i l l  have a  resonance whose frequency does n o t  change 
with t h e  ampli tude of o s c i l l a t i o n .  
The heave mot ion,  i n  t h e  mooring p l a n e ,  can be a n a l y s e d  i n  two dimensions .  
I n  f i g u r e  5.14 t h e  l o c i  o f  t h e  f l o a t  and S-inker a r e  s h a m ;  t h e y  f o l l o w  a r c s  
c e n t r e d  on t h e  a n c h o r  and s p i n e  r e s p e c t i v e l y .  The f l o a t  and s i n k e r  a r e  
f u r t h e r  c o n s t r a i n e d  by t h e  l i n e  which j o i n s  them, which remains  t a u t  u n l e s s  
t h e  f l o a t  or w e i g h t  are s u b j e c t e d  t o  l a r g e  a c c e l e r a t i o n s  (approach ing  g ) .  
Consequen t ly ,  i f  t h e  f l o a t  i s  a t  any a r b i t r a r y  p i n t  on i t s  a r c ,  t h e  s i n k e r  
is  c o n s t r a i n e d  t o  be a t  e i t h e r  o f  t h e  two p o i n t s  where t h e  a r c  o f  t h e  l i n e  q - 
i n t e r s e c t s  t h e  a r c  o f  r. I n  p r a c t i c e  t h e  p s i t i o n  which p u t s  t h e  s i n k e r  lower 
w i l l  have lower  p o t e n t i a l  energy .  W e  can  t h e r e f o r e  w r i t e  a n  e x p r e s s i o n  f o r  
t h e  a n g l e  C i n  terms of  t h e  a n g l e  A.  Note t h a t  because  t h e r e  i s  range  o f  
p o s s i b l e  p o s i t i o n s  f o r  t h e  f l o a t  and s i n k e r ,  and y e t  an  e q u i l i b r i u m  p s i t i o n  
e x i s t s ,  a r e s t o r i n g  f o r c e  is i m p l i e d ,  and t h e r e f o r e  t h e  p o s s i b i l i t y  o f  a 
resonance .  
Equa t ion  3 i s  t h e  Langrangian,  t h e  d i f f e r e n c e  o f  t h e  p o t e n t i a l  and k i n e t i c  
e n e r g i e s  f o r  t h e  sys tem.  The system w i l l  m v e  so as  t o  minimise  t h e  i n t e g r a l  
w i t h  r e s p e c t  t o  t i m e  o f  t h i s  d i f f e r e n c e .  Equa t ion  4 is  t h e  E u l e r  e q u a t i o n  
which must be s a t i s f i e d  f o r  t h i s  minimum t o  e x i s t .  These  two e q u a t i o n s  a l l o w  
t h e  dynamics o f  t h e  sys tem t o  be i n f e r r e d .  The f o l l o w i n g  s t e p s  l e a d  t o  
e q u a t i o n  16 f o r  t h e  a n g u l a r  a c c e l e r a t i o n  o f  t h e  f l o a t  i n  terms o f  its a n g u l a r  
d i s p l a c e m e n t .  One m y  make sow s i m p l i f i c a t i o n s  t o  t h i s  e x p r e s s i o n  and d e r i v e  
e q u a t i o n  19 which shows t h a t  t h e  sys tem behaves  i n  t h e  same way a s  a s i rnple  
pendulum - t h a t  is,  it h a s  a r e s o n a n t  f requency  which i s  dependant  s o l e l y  on 
t h e  a c c e l e r a t i o n  o f  g r a v i t y ,  and a n  e f f e c t i v e  l i n e  l e n g t h .  The two methods 
a g r e e ,  and  i n d i c a t e  a resonance  of 0.34 Hz, a t  t h e  bottom end of t h e  wave 
- A  
f requency  band. 
Figure 5 .l4 W r i n g  l i n e  dynamic displacement 
When s e c t i o n  p  o f  t h e  m o o r i n g  l i n e  m o v e s  t h r o u g h  a n  a n g l e  o f  4 
r a d i a n s ,  s e c t i o n  r m o v e s  t h r o u g h  a n  a n g l e  w h i c h  i s  some f u n c t l o n  
of 4 .  We may w r i t e  t h i s  a s :  
By a r r a n g e m e n t ,  f l o a t  u p t h r u s t  = s i n k e r  d o w n t h r u s t  = F ( s a y )  
Ry c o i n c i d e n c e ,  m a s s  + h y d r o d y n a m i c  a d d e d  m a s s  i s  a b o u t  t h e  s a m e  
f o r  b o t h  float a n d  s i n k e r  - l e t  this e q u a l  m .  
L e t  T = k i n e t i c  e n e r g y ,  a n d  V = p o t e n t i a l  e n e r g y  c£ t h e  f l o a t  
a n d  s i n k e r .  
( 6 )  v = -  F p ( s i n  A - s i n  A , )  - F r ( s i n  C - s i n  C , )  
( 7 )  - a ~ =  a W )  = F p COS A + r cos 
a + a + 
I t  i s  c l e a r  f r o m  t h e  d i a g r a m  t h a t  w h e n  s e c t i o n  q o f  t h e  m o o r i n g  
l i n e  i s  d i s p l a c e d  f r o m  t h e  r e s t  p o s i t i o n ,  i t  u n d e r g o e s  a 
c o m o l n a c l o n  o r  r o t a t l o n  a n d  t r a n s l a t i o n .  H o w e v e r ,  t h e  r o t a t i o n  
i s  s e c o n d  o r d e r :  t h e  m o t i o n  o f  t h e  s i n k e r  r e l a t i v e  t o  t h e  f l o a t  
i s  s m a l l  c o m p a r e d  w i t h  t h e i r  m u t u a l  t r a n s l a t i o n ;  a n d  t h e  
d i r e c t i o n  o f  r o t a t i o n  o f  q i s  a l w a y s  p o s i t i v e  w h e t h e r  4 i s  
p o s i t i v e  o r  n e g a t i v e .  
S o ,  w h e n  4 i s  s m a l l ,  t h e  s e c t i o n s  p a n d  r r e m a i n  v e r y  c lose  t o  
p a r a l l e l ,  t h e  r o t a t i o n  o f  q i s  n e g l i g i b l e ,  a n d  t h e  f l o a t  m o v e s  
a  d i s t a n c e  p$ w h i c h  i s  i d e n t i c a l  t o  t h e  d i s t a n c e  r ( C  - C , )  
moved b y  t h e  s l n k e r .  B e c a u s e  t h e  f l o a t  a n d  s i n k e r  m o v e  t o g e t h e r ,  
t h e i r  a c c e l e r a t i o n  a n d  v e l o c i t y  m u s t  a l s o  be  t h e  same. T h e r e f o r e  
B e c a u s e  A ,  = C, we may w r i t e  f r o m  ( 1 )  a n d  ( 2 )  
( 1 0 )  A = A ,  + $ ; a n d  (11) C = A ,  + h +  a n d  t h e r e f o r e  
( 1 2 )  p 4 = - r h + ( m i n u s  b e c a u s e  C  d e c r e a s e s  a s  A i n c r e a s e s )  
a n d  s o  
R e - e x a m i n i n g  e q u a t i o n  (9) - dt = h ,  a n d  t h e r e f o r e  
dip "PI dt dip = O  
s o  ( 9 )  becomes 
a n d  ( 7 )  b e c o m e s  
B e c a u s e  o f  ( 4 )  w e  may e q u a t e  ( 1 4 )  a n d  ( 1 5 1 ,  y i e l d i n g  
. . 
( 1 6 )  A = ;p' = F ( C O S  ( A , +  4 )  - cos (A,+ h$)) 
2 m P  
T h e  t r i g o n o m e t r i c  terms i n  b r a c k e t s  e x p a n d  t o  
( 1 7 )  ( c o s  A o c o s  + - s i n  A d s i n  $ - cos A o c o s  h+ + s i n  A o s i n  h $ )  
When $ i s  s m a l l  s i n  # ,  ->  a n d  c o s  (b -> 1 
And b e c a u s e  p < 1 s i n  h+ - >  h$ a n d  cos h +  - >  1 
r 
E x p r e s s i o n  ( 1 7 )  t h e r e f o r e  c o n t r a c t s  t o  s i n  A ( h +  - $ ) ,  h e n c e  
( 1 8 )  = -F ( 4  - h41 s i n  A = -F ( 1  + p )  s i n  A 
2 m P  2 m P  r 
( 1 9 )  = -F ( p  + r )  s i n  A 4  
m 2 p r  
E q u a t i o n  ( 1 9 )  s h o w s  t h a t  f o r  s m a l l  d i s p l a c e m e n t s ,  t h e  m o o r i n g  
u n d e r g o e s  s i m p l e  h a r m o n i c  m o t i o n ,  a n a l o g o u s  t o  a p e n d u l u m .  
A p e n d u l u m  h a s  $ = - - g  $ a n d  a r e s o n a n t  f r e q u e n c y  o f  '[P] 
1 2 -rr l 
S u b s t i t u t i n g  i n  ( 1 9 )  t h e  v a l u e s  f o r  t h e  a f t  m o o r i n g  l i n e :  
F = . l 2 5  g ,  m = . 1 6 4 ,  p  = . 8 5 5 ,  r = 1 . 4 3 8 ,  A = . 7 1 7 5  r a d  
r e s o n a n c e  = . l 2 5  2 . 2 9 3  s i n  ( . 7 1 7 5 )  = 0 . 3 4  Hz 
L . 1 6 4  2 , 8 5 5  1 . 4 3 8  
W e  r a n  a n  exper imenta l  f r e q u e n q  scan  of t h e  mooring mcdel. The mcoring was 
detached from t h e  s p i n e  and clamped r i g i d l y  a t  t h e  saw p o s i t i o n  t h e  s p i n e  
assumes i n  t h e  water. The o t h e r  end of  t h e  mooring remained anchored a s  
before .  A wave gauge was loca t ed  d i r e c t l y  above t h e  f l o a t .  A series of waves, 
w i t h  f r equenc ie s  from 0.195 t o  1.93 Hz i n  s t e p s  of  . l 9 5  Hz was genera ted .  
The heave and s u r g e  f o r c e s  were recorded.  The rms s u r g e  m t i s n  of t h e  f l o a t  
w a s  c a l c u l a t e d ,  and i n  f i g u r e  5.16 is  compared wi th  t h e  measured rms wave 
motion c o r r e c t e d  t o  t h a t  a t  t h e  f l o a t  depth .  
The graph has  a number of i n t e r e s t i n g  f e a t u r e s .  The motion of  t h e  f l o a t  is 
g r e a t e r  than  t h a t  of t h e  wa te r  a t  t h e  f l o a t  depth  a t  a l l  f r equenc ie s  excep t  
between 0.5 and 0.6 Hz, where t h e  wave ampl i tude  shows an  unexpected i n c r e a s e .  
Whereas t h e  wave ampl i tude  a t  t h e  wter s u r f a c e  ms set t o  be  10 m ( 7  mm ms) 
t h e  wave ampl i tude  decays e x p o n e n t i a l l y  wi th  f requency ,  and is e f f e c t i v e l y  
ze ro  above 1.4 Hz. The f l c a t  motion however approaches an  asymptot ic  va lue  
o f  1 . 4  m rms, o r  abou t  l/S of  t h e  s u r f a c e  motion. One may reasonzbly  assume 
t h a t  t h i s  is due t o  wave f o r c e s  ( i n e r t i a l  and v i scous )  on t h e  m o r i n g  l i n e  
i t s e l f .  There is a pronounced peak i n  t h e  f l o a t  motion a t  around 0.4 Hz. 
F igu re  5.16 s h m s  an  expanded view of t h i s  peak, from 0 .2  t o  0.6 Hz; t h e  f l o a t  
motion has  been normalized by d i v i d i n g  by t h e  wa te r  motion a t  t h e  depth  of  t h e  
f l o a t .  A d e f i n i t e  resonance peak occurs  a t  0.37 Hz, with  about  2 .5  t ims t h e  
water motion. The frequency i s  low enough, and t h e  water  s u r f a c e  clear 
enough t o  observe  t h i s  f l o a t  resonance d i r e c t l y .  And t h e  frequency a g r e e s  
c l o s e l y  wi th  t h a t  c a l c u l a t e d .  
I n  t h e  e x i s t i n g  m r i n g  system t h e  f l o a t  has  a s i n g l e  p i n t  a t t a c h m n t  below 
its c e n t r e  of buoyancy. It will behave a s  an  i n v e r t e d  compound pendulum, with 
f i r s t - o r d e r  restoring f o r c e s .  Two more deg rees  of  freedom have been 
in t roduced ,  r o l l  and p i t c h ,  which because t h e  f l c a t  i s  s y m m t r i c a l ,  produce a 
s i n g l e  resonance. The s i n k e r  has  a two p o i n t  f i x i n g ,  a t  e l f h e r  end of t h e  
c y l i n d e r .  It can o s c i l l a t e  i n  p i t c h  and yawl a t  a s i m i l a r  frequency t o  t h e  
f l o a t ,  s i n c e  t h e  masses and dimensions a r e  comparable. A quick test ,  
--- 
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f l o a t  motion 
wave motion - - 
1 l l 
Figure 5.15 Rms s u r g e  m t i o n  v e r s u s  f requency 
Figure 5 . l 6  . N o m l i s e d  f  lwt s u r g e  motion v e r s u s  frequency 
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o s c i l l a t i n g  t h e  mooring by hand, i n d i c a t e d  a f l o a t  and s i n k e r  resonance around 
3 Hz. 
An impor tan t  p i n t  i s  t h a t  t h e s e  o s c i l l a t i o n  modes a r e  n o t  or thogonal ,  and 
may t h e r e f o r e  couple.  The f l o a t  and s i n k e r  resonances can be  heave-driven, 
t h e  heave motion may be provoked by h ighe r  o r d e r s  of  sway. 
P o t e n t i a l l y ,  t h e  mooring has  a r i c h  response  t o  impulse,  and t h i s  response 
covers  t h e  wave frequency band t y p i c a l  of  t h e  North ~ t l a n t i c .  The e f f e c t s  of I 
t h i s  a r e  apparent  i n  t h e  t i m e  series of m o r i n g  f o r c e s .  It i s  c l e a r  t h a t  w e  
should  g i v e  s e r i o u s  a t t e n t i o n  t o  damping mechanisms and at tachment  p o i n t s  of  
t h e  f l o a t  and s i n k e r .  
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